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Abstract
L ig h t - in d u c e d  AC lo s s e s  have been obse rved  in  s p u t te re d  
a - S i ,  a - S i :H  and a-Ge. The aim o f  t h i s  work was to  i n v e s t i g a t e  the  
e f f e c t  o f  l i g h t  on th e  ac lo s s  i n  s p u t te r e d  a - S i  and g low d is c h a rg e  
a - S i :H  and compare th e  r e s u l t s  w i t h  p r e v io u s  re s e a rc h .
The g low  d is c h a rg e  a -S i :H  showed an o p t i c a l  response which was
_2
i n t e n s i t y  dependen t.  A t i n t e n s i t y  g r e a te r  th a n  ~1pWcm th e  response
was r a p id  and reached a s a t u r a t i o n  v a lu e  w i t h i n  m in u te s .  A t lo w e r
i l l u m i n a t i n g  i n t e n s i t i e s  an i n t e g r a t i n g  response was observed i n  which
s a t u r a t i o n  v a lu e s  may n o t  be reached f o r  many h o u rs .  The i n t e n s i t y
dependence o f  th e  o p t i c a l l y  induced  lo s s  i s  s i m i l a r  to  t h a t  observed
i n  s p u t te r e d  a - S i ,  a l th o u g h  th e  i l l u m i n a t i n g  i n t e n s i t i e s  used to
c r e a te  a s i m i l a r  m agn itude  o f  response a re  around 2  o rd e rs  o f  m agn itude
lo s s  i n  s p u t te r e d  m a t e r i a l .  A power law  r e l a t i o n  i s  found i n  wh ich 
/\
Ae a I  where A -  0 .2  i n  g low  d is c h a rg e  samples and A -  0 .25  i n  
s p u t te r e d  a - S i .
The ind u ce d  lo s s  i n  s p u t te r e d  a - S i  has been a t t r i b u t e d  to  
o p t i c a l l y  e x c i t e d  c a r r i e r s  becoming t ra p p e d  i n  d e fe c t  s ta te s  w i t h i n  
th e  band gap where th e y  respond to  th e  ac m easur ing  f i e l d .  Evidence 
i s  found from  th e  fre q u e n c y  and te m p e ra tu re  dependences o f  the  da rk  
and o p t i c a l l y  induced  lo s s e s  to  show t h a t  b a n d - t a i l  s t a te s  are 
r e s p o n s ib le  f o r  t r a p p in g  c a r r i e r s  and hence f o r  the  induced ac lo s s ,  
i n  g low  d is c h a rg e  a - S i :H .  The mechanism p o s tu la te d  to  account f o r  
th e  l i g h t  induced  ac lo s s  in v o lv e s  th e  e x c i t a t i o n  o f  c a r r i e r s  by th e  
a p p l ie d  l i g h t .  C a r r ie r s  t h e r m a l is e  r a p i d l y  th ro u g h  the  extended 
s t a t e s  and s u b s e q u e n t ly  become t ra p p e d  i n  th e  b a n d - t a i l s .  They can 
now recom bine by t u n n e l l i n g  th ro u g h  th e  b a n d - t a i l s  u n t i l  they  
recom bine  w i t h  an excess h o le  v ia  d e fe c t  s t a t e s .
The da rk  decay tow ards  e q u i l i b r i u m  i s  accoun ted  f o r  by c o n s id e r in g  
t ra p p e d  c a r r i e r s  re c o m b in in g ,  by t u n n e l l i n g ,  le a d in g  to  a g re a te r  
s p a c in g  between th e  re m a in in g  c a r r i e r s .  T h is  th e n  le a d s  to  a reduced 
response  w h ich  decays s lo w ly  w i t h  t im e .  The te m p e ra tu re  dependence 
o f  th e s e  decays was a ls o  i n v e s t i g a t e d  and i t  was found t h a t  th e  decays 
were f a s t e r  as th e  te m p e ra tu re  was in c re a s e d  from  4.2K  to  60K. A 
model i n v o l v i n g  th e  p h y s ic a l  p r i n c i p l e  d e s c r ib e d  above was used to  
o b t a in  p a ram e te rs  t o  q u a n t i f y  th e  r a t e  o f  decay.
1CHAPTER 1 
Introduction
The aim o f  t h i s  work was t o  i n v e s t i g a t e  o p t i c a l l y  induced  ac 
lo s s  i n  amorphous m a t e r i a l s .  The m a t e r ia l s  i n v e s t i g a t e d  were 
amorphous s i l i c o n  p re p a re d  by RF magnetron s p u t t e r i n g  ( a - S i ) ,  
h y d rogen a ted  amorphous s i l i c o n  p re p a re d  by th e  g low d is c h a rg e  
d e c o m p o s i t io n  o f  s i l a n e  ( a - S i : H )  bo th  doped n - ty p e  and undoped and 
amorphous a r s e n ic  s e le n id e  p repa red  by th e rm a l  e v a p o r a t io n .
The te rm  ac lo s s  i s  used to  denote  energy  lo s s  w i t h i n  th e  
amorphous m a t e r i a l .  When an e x t e r n a l  ac f i e l d  i s  a p p l ie d  energy  i s  
r e q u i r e d  t o  p o l a r i s e  th e  medium b u t  i t  i s  re co ve re d  d u r in g  th e  n e x t  
h a l f  c y c le  ( t h i s  g iv e s  th e  r e a l  p a r t  o f  th e  p o l a r i z a b i l i t y ) .  Energy 
lo s s  o c c u rs ,  i n  th e  fo rm  o f  hea t g e n e ra te d ,  due to  th e  im a g in a ry  p a r t  
o f  th e  p o l a r i z a b i l i t y .
In  t h i s  t h e s i s  th e  te rm  "d a rk  lo s s "  i s  used to  deno te  th e  ac 
c o n d u c t i v i t y  when a sample i s  measured i n  th e  absence o f  any a p p l ie d  
i l l u m i n a t i o n .  T h is  was s tu d ie d  i n  o rd e r  to  o b ta in  in f o r m a t io n  about 
th e  c o n d u c t io n  mechanisms i n  amorphous m a t e r ia l s .  T h is  enab led  samples 
t o  be c h a r a c te r i z e d  so t h a t  com parisons w i t h  p re v io u s  re s e a rc h  c o u ld  
be made. Both th e  da rk  and the  o p t i c a l l y  induced  ac lo s s e s  a re  
i n t e r p r e t e d  i n  te rm s  o f  a v a r i e t y  o f  a p p r o p r ia te  m odels.
A re v ie w  o f  th e  mechanisms g e n e r a l l y  re c o g n is e d  as le a d in g  to  
ac lo s s  and dc c o n d u c t i v i t y  i n  amorphous m a te r ia l s  i s  g iv e n  i n  Chapter 
2 .
The n e x t  c h a p te r  d e a ls  w i t h  l i g h t - i n d u c e d  phenomena. A re v ie w  
o f  th e  S ta e b le r -W ro n s k i  e f f e c t ,  p h o to lu m in e sce n ce ,  dc and t im e  
dependent p h o t o c o n d u c t i v i t y ,  l i g h t - i n d u c e d  e le c t r o n  s p in  resonance 
and p re v io u s  s tu d ie s  o f  o p t i c a l l y  induced  ac lo s s  i s  p re s e n te d .
2C hap te r  4 e x p la in s  th e  e x p e r im e n ta l  p ro ce d u re s  and te c h n iq u e s  
used i n  c o o l in g  sam ples, th e  i l l u m i n a t i o n  o f  samples and da ta  
m easur ing  te c h n iq u e s .
The r e s u l t s  p re s e n te d  i n  C hap te r  5 show th e  da rk  d a ta ,  
c o n c e n t r a t in g  on th e  fre q u e n c y  and te m p e ra tu re  dependence o f  th e  
d a rk  lo s s .  Some o f  the  models d is c u s s e d  i n  C hapter 2 a re  a p p l ie d  
t o  e x p la in  th e  r e s u l t s  o b ta in e d .
C hap te r  6  d e a ls  w i th  th e  o p t i c a l  r e s u l t s  c o v e r in g  th e  in c re a s e  
o f  c a p a c i ta n c e  and conductance  under i l l u m i n a t i o n  and i t s  decay w i t h  
t im e  when th e  i l l u m i n a t i o n  i s  removed.
In  C hap te r  7 a n a ly s is  o f  th e  r e s u l t s  p re se n te d  i n  Chap te r 6  
i s  c a r r i e d  o u t .  The r e s u l t s  a re  e x p la in e d  u s in g  models s p e c i a l l y  
deve loped  f o r  t h i s  pu rpose . F i n a l l y ,  a com parison  i s  made w i th  
l i g h t - i n d u c e d  e le c t r o n  s p in  resonance e x p e r im e n ts  and w i t h  s te a d y  
s t a t e  and t im e  dependent p h o t o c o n d u c t i v i t y  d a ta .
A summary o f  th e  r e s u l t s  and c o n c lu s io n s  are d is cu sse d  in  
C hap te r  8 , a lo n g  w i t h  th e  p o s s ib le  a p p l i c a t i o n  to  d e te c t in g  low 
i n t e n s i t y  o p t i c a l  r a d i a t i o n .  Ideas  f o r  f u t u r e  work and f u r t h e r  
re s e a rc h  a re  a ls o  d is c u s s e d .
CHAPTER 2
In  th e  f o l l o w in g  c h a p te r  th e  g e n e ra l  fe a tu r e s  o f  ac and dc
t r a n s p o r t  i n  amorphous s e m ic o n d u c to rs  a re  re v ie w e d .  T h e o r e t i c a l
models a re  co n s id e re d  and t h e i r  re le v a n c e  t o  c o n d u c t io n  mechanisms in
a-Ge, a - S i ,  a -S i :H  and a-As^Se-^ a re  d is c u s s e d .
2.1 The Density of States
The d e n s i t y  o f  s t a t e s  as a f u n c t i o n  o f  energy g e n e r a l l y  assumed
f o r  an amorphous s e m ico n d u c to r  i s  shown i n  d iagram 2 . 1 .
The e n e rg ie s  and E^ a re  known as th e  m o b i l i t y  edges and th e
s t a t e s  above and be low , i n  e n e rg y ,  a re  r e s p e c t i v e l y  r e f e r r e d  to  as
extended  s t a t e s .  In  ex tended  s t a t e s ,  th e  w a v e fu n c t io n s
ex tend  o ve r  l a r g e  re g io n s  o f  space. A t e n e rg ie s
between E and E s t a te s  a ls o  e x i s t .  These are  known as l o c a l i z e dv c
s t a t e s  and d i f f e r  from ex tended  s t a t e s  i n  t h a t  the  wave f u n c t io n s
a re  c e n t re d  a t  a p a r t i c u l a r  p o in t  and decay e x p o n e n t ia l l y  away from
t h i s  p o i n t .  These s ta te s  can a ls o  t r a p  c a r r i e r s  w h ich  can rem ain  f o r
a c o n s id e ra b le  t im e .
The d e n s i t y  and n a tu re  o f  th e  s t a t e s  w i t h  the  band gap ( e q u iv a le n t
t o  E -E ) d e te rm ine  th e  mechanism o f  e l e c t r o n  t r a n s p o r t  w i t h i n  th e  c v r
m a t e r i a l .  S t r u c t u r a l  d i s o r d e r  such as bond ang le  and bond le n g th
f l u c t u a t i o n s  q iv e  r i s e  t o  l o c a l i z e d  s t a t e s  j u s t  below E and above E .^ c v
These a re  b a n d - t a i l  s t a t e s  and a re  o f  c o n s id e ra b le  im p o r ta n ce  f o r  
conduc tance  mechanisms, e s p e c i a l l y  i n  a - S i :H  prepared  by g low d is c h a rg e .  
S ta te s  c lo s e  to  th e  m id-gap i . e .  deep s t a t e s ,  occur m a in ly  as a r e s u l t  
o f  s t r u c t u r a l  d e fe c ts  w i t h i n  th e  amorphous m a t e r ia l .
18 —3 —1In  a - S i ,  th e  d e n s i t y  o f  deep s t a t e s  i s  h ig h  ( -1 0  cm eV , 
see l a t e r  s e c t io n s )  and th e se  dom ina te  e le c t r o n  t r a n s p o r t .  Glow
4d is c h a rg e  a -S i :H  has a much lo w e r  d e n s i t y  o f  m id-gap s t a te s  ( t y p i c a l l y  
two o rd e rs  o f  m agn itude  lo w e r )  and t r a n s p o r t  o ccu rs  i n  b a n d - t a i l  s t a te s  
o r  by band c o n d u c t io n ,  depend ing  upon th e  te m p e ra tu re .  These t r a n s p o r t  
mechanisms a re  d is c u s s e d  i n  more d e t a i l  i n  l a t e r  s e c t io n s .
2.2 The N o ta t io n  Used i n  D is c u s s in g  th e  f re q u e n c y  Dependent Loss
The fre q u e n c y  dependent lo s s  measurements c o n s is t  o f  m easuring 
th e  conductance  (w h ich  g iv e s  th e  c o n d u c t i v i t y ,  ) and th e  c a p a c i ta n c e  
(w h ich  i s  used to  c a l c u l a t e  th e  d i e l e c t r i c  c o n s ta n t ,  , when 
g e o m e t r ic a l  f a c t o r s  a re  ta k e n  i n t o  a c c o u n t ) .  The ac response i s  
g e n e r a l l y  expressed i n  te rm s  o f  th e  r e a l  and im a g in a ry  p a r t s  o f  the  
c o n d u c t i v i t y  i . e .
£ = + i e 2  ( 2 . 1 )
and d = o ^ +  i q ^  ( 2 . 2 )
In  e q u a t io n s  (1 )  and (2 )  a.  and cf0  a re  r e la t e d  by a 0  = a K e .-e  )ei L J I  1 oo o
( a /J- a 1 ( 0 ) )
and = ------------------ . The q u a n t i t y  e i s  due t o  a to m ic  p o l a r i s a t i o n
2  we ^ 7  oo r
o
and i s  d iscu sse d  i n  th e  n e x t  p a ra g ra p h .  The K ra m e rs -K ro n ig  r e l a t i o n s
enab le  th e  r e a l  p a r t  o f  th e  c o n d u c t i v i t y  t o  be c a lc u la t e d  i f  th e
im a g in a ry  p a r t  i s  known, s in c e  th e y  a re  dependent on each o th e r ,  and 
v ic e - v e r s a .
The c a p a c i ta n c e  w h ich  i s  measured c o n s is t s  o f  two components and
can be expressed as C = C (w ,T )  + C where C i s  f re q u e n cy  
1 ac 0 0
indepe nden t and due t o  h ig h  fre q u e n cy  a tom ic  and d i p o l a r  v i b r a t i o n a l
t r a n s i t i o n s .  In  r e a l  d a ta  can be e s t im a te d  from th e  h ig h  frequency  
c a p a c i ta n c e  ( i . e .  -  a t  a round 10^H z). A no the r te c h n iq u e  used to  i s o l a t e
th e  fre q u e n c y  dependent p o r t i o n  o f  th e  c a p a c i ta n c e  i s  t o  p l o t  -dC /d£nv
5a g a in s t  n on a l o g a r i t h m ic  s c a le .  The p h y s ic a l  b a s is  f o r  t h i s  
p ro c e d u re  i s  d is c u s s e d  i n  more d e t a i l  i n  s e c t io n  2 . 6 .
2.3 Sputtered Amorphous Materials 
(a-Si, a-Ge, a-Si:H)
2 .3 ( a )  DC C o n d u c t i v i t y
The dom inant dc c o n d u c t io n  mechanism in  t h i s  ty p e  o f  m a te r ia l  
i s  w id e ly  b e l ie v e d  t o  be t r a n s p o r t  i n  deep s t a t e s .  The f o l l o w in g  
s e c t io n  d e a ls  w i t h  th e s e  mechanisms i n  d e t a i l .
2 . 3 ( b )  Hopping i n  Deep S ta te s
'18 _3
I f  a h ig h  d e n s i t y  ( 10 eV~ cm" ) o f  d e fe c t  s t a t e s  e x i s t s  c lo s e  to  
th e  Ferm i l e v e l  then  e le c t r o n  t r a n s p o r t  w i l l  ta ke  p la c e  between 
l o c a l i z e d  s t a t e s  by phonon a s s is te d  ho p p in g .  Th is  w i l l  be due to  
c a r r i e r s  t u n n e l l i n g  from  one l o c a l i s e d  s t a t e  t o  the  o th e r  w i t h  th e  
ene rgy  d i f f e r e n c e  (ho)Q) b e in g  taken  up by th e  exchange o f  phonons 
w i t h  th e  l a t t i c e .
M o tt  (1969) p roposed a mechanism f o r  n e a re s t -n e ig h b o u r  hopp ing  
between two l o c a l i s e d  s i t e s .  One s i t e  was f i l l e d  and was s l i g h t l y  
be low  Ep and th e  o th e r  empty and j u s t  above Ep. They a re  s e p a ra te d  by 
a d is ta n c e  R and have an energy d i f f e r e n c e  o f  W. In  o rd e r  t o  
c a l c u l a t e  th e  hopp ing  t r a n s i t i o n  r a t e , v ,  some f a c t o r s  must be taken  
i n t o  acco u n t .
I f  th e  energy d i f f e r e n c e ,  W, i s  le s s  than  the  energy o f  a phonon 
o f  energy  h(jOQ th e n  hopp ing  can proceed by a p rocess  i n v o l v i n g  one 
phonon. Should W be g r e a te r  than  ha)Q then  s e v e ra l  phonons are  
necessa ry  f o r  e le c t r o n  t r a n s f e r  between th e  two s i t e s .
I f  e le c t r o n  t r a n s f e r  ta k e s  p la c e  by t u n n e l l i n g  then  o v e r la p p in g  
o f  th e  w a v e fu n c t io n s  must be co n s id e re d .  Assuming t h a t  each s t a t e  i s
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e x p o n e n t i a l l y  l o c a l i z e d  t h i s  le a d s  t o  a f a c t o r  o f  e x p ( - 2 aR) where a
i s  th e  l o c a l i z a t i o n  le n g th .
The f re q u e n c y  o f  th e  number o f  hopp ing  a t te m p ts  i s  a ls o  im p o r ta n t .  
T h is  depends on b o th  e le c t ro n -p h o n o n  c o u p l in g  and th e  phonon d e n s i t y
By p u t t i n g  th e se  f a c t o r s  t o g e th e r  th e  hopp ing t r a n s i t i o n  r a t e ,  
as c a lc u la t e d  by M o t t ,  i s
The c o n d u c t i v i t y  i s  th e n  found u s in g  th e  E in s te in  r e l a t i o n  
i n v o l v i n g  th e  c a r r i e r  m o b i l i t y  and th e  d i f f u s i o n  c o n s ta n t
M o tt  (1969) proposed t h a t ,  a t  low  te m p e ra tu re s ,  n e a re s t  
n e ig h b o u r  hopp ing  i s  e n e r g e t i c a l l y  u n fa v o u ra b le  and t h a t  t u n n e l l i n g  
t o  a more d i s t a n t  s i t e  would be more fa v o u ra b le  i f  t h i s  had a s m a l le r  
ene rgy  s e p a r a t io n  th a n  a s i t e  wh ich was c lo s e r  in  space. By 
o p t im is in g  th e  f a c t o r  ( 2 aR-tW/kgT) t o  ta k e  th e  v a r ia b le  range n a tu re
o f  s t a t e s .  The a t te m p t  f re q u e n c y  i s  re p re s e n te d  as v .
v  = v exp (-2aR -W /kDT ) . o □ ( 2 .3 )
i . e . ( 2 . 4 )
where
2
( 2 .5 )
The c o n d u c t i v i t y  i s  th u s
a = n e p (2.6)
where n = th e  number o f  e le c t r o n s  h o p p in g .
i . e . ( 2 . 7 )
7o f  th e  hopp ing  p ro ce s s  i n t o  a c c o u n t ,  M o t t  showed t h a t
0  = 0  exp - r  o K T
(2.8)
Where a Q i s  o f  th e  fo rm  [N (E p )T ]^  w i t h  |p |  < 1.
O the r re s e a rc h e rs  have o b ta in e d  a s i m i l a r  form t o  2-8 f o r  
v a r i a b le  range h o p p in g .  Ambegaokar e t  a l  (1971) used p e r c o la t i o n  
th e o r y  t o  d e r iv e  2 . 8  w i t h  d i f f e r e n t  c o n s ta n ts .  Ambegaokar e t  a l  
proposed t h a t  th e  amorphous m a t e r ia l  c o u ld  be m odelled  as a ne tw o rk  
o f  r e s i s t o r s .  The r e s i s t o r s  r e p re s e n t  th e  pa ths  between a p a i r  o f  
s t a t e s  and t h e r e fo r e  t h e r e  i s  a w ide range o f  va lues  o f  th e  
r e s is ta n c e s  i n  th e  n e tw o rk .
In  d e te rm in in g  th e  conductance  necessa ry  f o r  the  p e r c o la t i o n  
c u r r e n t  th ro u g h  th e  ne tw o rk  Ambegaokar e t  a l  found t h a t  i t  was n o t  
th e  ve ry  la r g e  o r  low  conduc tances  t h a t  were re s p o n s ib le  f o r  th e  conduct a* ce. 
p e r c o la t i o n  p a th .  The conductances w h ich  c o n t r ib u te d  were th o se  
g r e a te r  than  th e  c r i t i c a l  conduc tance , wh ich  i s  d e f in e d  as th e  
la r g e s t  conductance  f o r  wh ich  th e re  i s  a connected pa th  th ro u g h  th e  
n e tw o rk .  By e v a lu a t in g  th e  c r i t i c a l  conductance Ambegaokar e t  a l  
were a b le  to  show t h a t
a = a exp o o r ( 2 .9 )
where A == k B N(Ep )
-1 = l o c a l i z a t i o n  le n g th  o f  th e  w a v e fu n c t io n .a
= c o n s ta n t  -  4 .
N(Ep) = d e n s i t y  o f  s t a t e s  near th e  Ferm i l e v e l .
8E q u a t io n  2 .^  i s  o f  th e  "M o t t  T” 5" fo rm .
T h is  fo rm  o f  h o pp in g  has been found t o  dom inate  th e  dc c o n d u c t i v i t y  
i n  m a t e r ia l s  w i t h  a h ig h  d e n s i t y  o f  d e fe c t  s ta te s  around th e  Ferm i l e v e l .  
D iagram 2 .2  shows d a ta  f o r  a -S i  (Long e t  a l  1988, and i t  can be seen th a t
_ i
a a T * f o r  a range o f  samples o f  d i f f e r i n g  th ic k n e s s e s  ove r  a 
te m p e ra tu re  range o f  ~50K to  -360K.
2.4 AC Conductivity in Sputtered Material
AC c o n d u c t i v i t y  i n  amorphous m a t e r ia l s  has been s tu d ie d  f o r  a
number o f  y e a rs .  V a r io u s  mechanisms have been proposed by v a r io u s  
a u th o rs  t o  e x p la in  th e  da ta  o b ta in e d  f o r  s p u t te re d  a-Ge, a -S i^ g lo w  
d is c h a rg e  a -S i :H  and a - l \s ^S e^ .  These mechanisms a re  now re v ie w e d  and 
t h e i r  re le v a n c e  to  th e  m a t e r ia l s  s tu d ie d  in  t h i s  t h e s i s  a re  d is c u s s e d .  
2 . 4 ( a )  S p u t te re d  a - S i  and a-Ge
The lo g  a Qc vs lo g  T p lo t s  f o r  these  m a te r ia ls  can be d i v id e d  i n t o
h ig h  and low te m p e ra tu re  re g io n s ,  as shown i n  d iagram 2 .4 .  The ac
c o n d u c t i v i t y  changes w i th  fre q u e n cy  (d iag ram  2 .5 )  and i s  found  to
obey th e  f o l l o w in g  e x p i r i c a l  e x p re s s io n  (Long 1982)
STn (2 10)a  cl a) T luy
where s (~ 1 )  and n a re  h a r d ly  te m p e ra tu re  dependent. One o f  th e  
e a r l i e s t  te c h n iq u e s  used t o  account f o r  th e  ac c o n d u c t i v i t y  was th e  
p a i r  a p p ro x im a t io n  ( P o l i a k  and G e b a l le  1961).
I f  a p a i r  o f  s i t e s  a re  s e p a ra te d  i n  energy by and by i n 
space e le c t r o n s  can t r a n s f e r  between them. By c a l c u l a t i n g  th e  
p r o b a b i l i t y  o f  th e se  s t a te s  b e ing  occup ied  and by c o n s id e r in g  t h e i r  
average p o l a r i z a b i l i t y ,  a ,  under th e  a p p l i c a t i o n  o f  a s m a l l  o s c i l l a t i n g  
f i e l d  th e  ac c o n d u c t i v i t y  can be c a lc u la t e d .  The p a i r  a p p ro x im a t io n  
p r e d i c t s  t h a t  th e  im a g in a ry  p a r t  o f  th e  p o l a r i z a b i l i t y  w i l l  be a t  a
maximum when U) = 1/ t since
2 2
6 r 12 1 1 
01 =  ~I7a t , TuISTT ’ f ich is of standard Debvecosh ( A ^ / Z k T )  fo rm  ^ 2  1 1
where U) = f re q u e n cy  o f  th e  a p p l ie d  ac f i e l d  
x r  th e  e f f e c t i v e  r e l a x a t i o n  t im e
To cosh
f  A "
x t u n n e l l i n g  te rm  ( 2 . 1 2 )
2
The cosh ( 2 ^ 2kT) f a c t o r  i n  2 .11  ensures  t h a t  lo s s  w i l l  o n ly  
o c c u r  a t  p a i r  s e p a r a t io n  <kT.
M i l l e r  and Abrahams (1960) found an a l t e r n a t i v e  e x p re s s io n  f o r  
th e  r e l a x a t i o n  t im e
t  ~ n i a i—  tanhB | A 112
V
2kT x t u n n e l l i n g  te rm  (2 .1 3 )
when B i s  a pa ram ete r  wh ich  c o n ta in s  d e t a i l s  o f  the  i n t e r a c t i o n  between 
th e  s t a t e s .  T h is  i s  v a l i d  f o r  s in g le  phonon t r a n s i t i o n s  a t  low  T.
As 2  0 ( 2 .1 3 )  w i l l  no t  h o ld  due t o  quantum m echan ica l s p l i t t i n g
o f  th e  s t a te s  caused by e le c t r o n  t r a n s f e r  between them.
The p a i r  a p p ro x im a t io n  a p p l ie s  t o  a s i n g le  i s o la t e d  p a i r  o f  
l o c a l i z e d  s t a t e s .  In  a r e a l  amorphous system the  p a i r  a p p ro x im a t io n  
w i l l  o n ly  be a p p l i c a b le  under c e r t a i n  c irc u m s ta n c e s .  The c lo s e s t  
s t a t e s  random ly d i s t r i b u t e d  i n  space w i l l  have the  s h o r t e s t  r e l a x a t i o n  
t im e s  and w i l l  t h e r e fo r e  respond a t  th e  h ig h e s t  f r e q u e n c ie s .  They 
a re  a ls o  no t  l i k e l y  t o  be c l o s e l y  coup led  to  n e ig h b o u r in g  s t a t e s .
Thus th e  p a i r  a p p ro x im a t io n  shou ld  g iv e  a good d e s c r i p t i o n  o f  th e  
system  a t  h ig h  f r e q u e n c ie s .
A t low e r  f re q u e n c ie s  i n t e r a c t i o n s  between n e ig h b o u r in g  s t a te s
w i l l  ta k e  p la c e  s in c e  th e  s e p a r a t io n  between c o n t r i b u t i n g  s t a te s  
w i l l  in c re a s e .
( i )  E le c t r o n  T ra n s fe r  by T u n n e l l in g
The f o l l o w in g  mechanism has been proposed to  accoun t f o r  th e  
s t r o n g  te m p e ra tu re  dependence o f  th e  ac c o n d u c t i v i t y  i n  th e  h ig h  
te m p e ra tu re  reg im e . Above -1Q0K, i n  s p u t te r e d  a-Ge and a - S i ,  th e
_ i
dc c o n d u c t i v i t y  can be f i t t e d  to  th e  M o tt  T 4  lav/. The ac c o n d u c t i v i t y  
i s  l i k e l y  t o  i n v o lv e  e le c t r o n  t r a n s p o r t  between s ta te s  c lo s e  to  th e  
Ferm i l e v e l ,  i n  th e  same manner as i n  th e  mechanism r e s p o n s ib le  f o r  
th e  dc c o n d u c t i v i t y  i . e .  t u n n e l l i n g  between s ta te s  c lo s e  to  th e  Ferm i 
l e v e l  (see a ls o  s e c t io n  2 . 3 ) .
The c o n d u c t i v i t y  i s  c a l c u la t e d  from  th e  p o l a r i z a b i l i t y ,  th e  
r e l a x a t i o n  t im e  and from  th e  d i s t r i b u t i o n  o f  th e  s i t e s  i n  space . T h is  
g iv e s  (Long 1982) th e  f o l l o w i n g  e x p re s s io n  f o r  a^ th e  r e a l  p a r t  o f
th e  c o n d u c t i v i t y ) .
2 2
4 e g kT ,
( 2 - 14)
where gQ = th e  d e n s i t y  o f  s t a t e s
a  = decay le n g th  o f  th e  w a v e fu n c t io n
= the separation o f s ta tes  o f the p a ir fo r which got = 1 and 
the co n trib u tio n  to the loss i$ ; a maximum.
T h is  can be expressed i n  th e  e m p irc a l  fo rm , 
i . e .  CT. a o)S Tn (2 .1 5 )
where s = 1  + I f f a F T  ( 2 ' 16)o
The c o n d u c t i v i t y  da ta  i s  t h e r e f o r e  p r e d ic te d  to  f o l l o w  a power law , 
w h ich  i s  observed e x p e r im e n ta l l y  (see s e c t io n  2 . 4 ( a ) ( i i ) ) .  The
va lu e  o f  s ,  i . e .  th e  g r a d ie n t  o f  a lo g  a 1  vs lo g  w p l o t ,  i s  p r e d ic te d
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t o  be le s s  than  one and in d e p e n d e n t  o f  te m p e ra tu re .  E x p e r im e n ta l  
r e s u l t s  ( s e c t io n  2 . 4 ( v i i )  f o r  s p u t te r e d  a-Ge and a - S i  shows t h a t  s i s  
a c t u a l l y  te m p e ra tu re  d e p e n d e n t) .
( i i )  The Extended P a i r  A p p ro x im a t io n  (EPA)
The ex tended p a i r  a p p ro x im a t io n  was f i r s t  p roposed by Sum m erf ie ld  
and B u tch e r  (1982) t o  acco u n t f o r  th e  f a c t  t h a t  a dc l i m i t  i s  reached 
i n  th e  c o n d u c t i v i t y  a t  low  f r e q u e n c ie s .  The p a i r  a p p ro x im a t io n  (PA) 
( s e c t io n  2 . 3 ( i ) )  i s  o n ly  v a l i d  a t  h ig h  f re q u e n c ie s  and ta k e s  no accoun t 
o f  a c o n t in u o u s  p e r c o la t i o n  pOtfi th ro u g h  th e  m a t e r i a l .  The EPA i s  a 
b e t t e r  a p p ro x im a t io n  th a n  th e  PA. T ra n s p o r t  o f  c a r r i e r s  may proceed 
by any a p p r o p r ia te  mechanism i n  e i t h e r  a p p ro x im a t io n  scheme, though 
th e  EPA has been most commonly a p p l ie d  t o  hopp ing  t r a n s p o r t .
The EPA model uses th e  e q u iv a le n t  c i r c u i t  proposed by M i l l e r  and 
Abrahams (1960) as a s t a r t i n g  p o in t .  By e x te n d in g  t h i s  model Sum m erf ie ld  
and B u tch e r  c o n s id e re d  th e  e f f e c t  o f  n e ig h b o u r in g  s t a t e s  on th e  response 
o f  a p a i r  o f  s t a t e s .  The response o f  th e  com p le te  ne tw o rk  c o u ld  then  
be o b ta in e d .  The r e s u l t s  from  th e  EPA model tend  tow a rds  those  o f  th e  
p a i r  a p p ro x im a t io n  a t  h ig h  f re q u e n c ie s  and accoun t f o r  th e  dc l i m i t ,  a t  
low  f re q u e n c ie s ,  b e in g  reached . I t  i s  p r e d ic te d  t h a t  a peak w i l l  be 
fo u n d ,  known as a lo s s  peak, (see s e c t io n  2 . 6  f o r  an e x p la n a t io n  o f
Such peaks are seen i n  d a ta  o b ta in e d  by Long e t  a l  (1983 , 1985, 1988 
f o r  a-Ge, a -S i  and a - S i :H  (p re p a re d  by RF s p u t t e r i n g ) ) .  The peak denotes  
th e  t r a n s i t i o n  t o  f re q u e n c y  dependent b e h a v io u r  and canno t be accounted  
f o r  by th e  p a i r  a p p ro x im a t io n .
EPA f i t s  have a ls o  been a p p l ie d  t o  th e  fre q u e n c y  dependent 
c o n d u c t i v i t y  da ta  f o r  s p u t te r e d  m a te r ia ls  (Long e t  a l  1985, 1988).
The EPA c a l c u la t i o n s  agree c lo s e ly  w i th  th e  e x p e r im e n ta l  r e s u l t s  (see
a lo s s  peak) i n  a p l o t  o f  l a vs In  v .
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d iag ram  2 .6 ,  from  Long e t  a l  1988).
The low  te m p e ra tu re  ( i . e .  be low  30K) da ta  f o r  th e  te m p e ra tu re  
dependence o f  th e  c o n d u c t i v i t y  i n  a - S i  o r  a-Ge canno t be e x p la in e d  
u s in g  a s im p le  t u n n e l l i n g  mechanism a lo n e .  A mechanism i n v o l v i n g  
charge  t r a n s f e r  w i t h i n  cV&i'e-rs , r a t h e r  th a n  between c /u s fc .^  ( th e .  
b a s is  o f  th e  e x p la n a t io n  o f  th e  h ig h  te m p e ra tu re  lo s s )  i s  l i k e l y  t o  be 
r e s p o n s ib le .  Mechanisms f o r  charge t r a n s f e r  a t  low  te m p e ra tu re s  a re  
now d is c u s s e d .
( i i i )  P o la ro n  T u n n e l l in g
E le c t r o n  s e l f - t r a p p i n g  a t  a d e fe c t  s i t e  le a d s  to  a d i s t o r t i o n  o f  
th e  s u r ro u n d in g  l a t t i c e .  The energy  o f  th e  system i s  low e red  by an 
amount w h ich  i s  known as th e  " p o la r o n "  b in d in g  e n e rg y .  S ince  
th e rm a l  energy  i s  necessary  to  produce d i s t o r t i o n s  i n  th e  l a t t i c e  f o r  
e le c t r o n s  t o  tu n n e l  from s i t e  t o  s i t e  th e  t u n n e l l i n g  r a t e s  w i l l  be 
reduced , e s p e c ia l l y  a t  low  te m p e ra tu re s .  T h is  has a s i g n i f i c a n t  
e f f e c t  on th e  p r e d ic te d  fre q u e n cy  and te m p e ra tu re  e xpone n ts .
( i v )  E f f e c t  o f  I n t e r s i t e  C o r r e la t i o n  on AC lo s s
I n t e r a c t i o n s  between th e  e le c t r o n s  on th e  s i t e s  o f  th e  p a i r s  
c o n t r i b u t i n g  to  th e  ac c o n d u c t i v i t y  have n o t  ye t  been taken  i n t o  
a c c o u n t .  The e f f e c t  o f  Coulomb r e p u ls io n  between an e le c t r o n  on one s i t e  
o f  th e  p a i r  i s  t o  r a i s e  th e  energy o f  a  r\e-ioJ\Louring site.. T h is
has th e  e f f e c t  o f  d e c re a s in g  th e  p r o b a b i l i t y  o f  i t  b e in g  o c c u p ie d .  The 
ac lo s s  i s  t h e r e fo r e  g o ing  to  be g r e a te r  when e le c t r o n s  t r a n s f e r  
between s i t e s .
I f  th e  energy o f  i n t e r a c t i o n ,  E ^  between th e  s i t e s  i s  much le s s  
th a n  kT th e n  i n t e r s i t e  c o r r e l a t i o n  e f f e c t s  can be d is re g a rd e d ,  and th e  
ac lo s s  measurements w i l l  no t  be in f lu e n c e d .  Should E ^  become o f  th e
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o r d e r  o f  kT o r  g r e a t e r ,  then  th e  e f f e c t  must be c o n s id e re d .  To
e s t a b l i s h  a t  what p o in t  becomes im p o r ta n t  c a l c u l a t i o n s  were
p e r fo rm ed  by P o l ia k  (1971) and E f ro s  (1 9 8 1 ) .  S i t e  s e p a r a t io n s  o f  
0
30A were c o n s id e re d  and a d i e l e c t r i c  c o n s ta n t  o f  -12  was used. Using
2
th e  e q u a t io n  f o r  th e  energy due to  e l e c t r o s t a t i c  r e p u l s i o n ,  ^ 5 —
A t t e e o 1 2
E ^ / k  was fo u n d .  From t h i s  T was e s t im a te d  to  be a round 280K. T h is  
im p l ie s  t h a t  a l l  measurements below room te m p e ra tu re  a re  l i k e l y  t o  be 
a f f e c t e d .
Long (1982) c a lc u la t e d  th e  e f f e c t  o f  i n t e r s i t e  c o r r e l a t i o n  on
th e  p o l a r i z a b i l i t y  and th u s  on cr. I t  i s  found t h a t  a i s  in c re a s e d  by 
1 2f a c t o r  o f  a round . T h is  means t h a t  n i s  reduced by 1 and th e  
va lu e  o f  s w i l l  a ls o  change s l i g h t l y .  T h is  c a l c u l a t i o n  f o l l o w s  and 
rep roduce s  E f r o s .
( v )  A tom ic  T u n n e l l in g
A l th o u g h  e l e c t r o n i c  mechanisms a re  r e s p o n s ib le  f o r  th e  ac lo s s e s  in  
amorphous s i l i c o n  and germanium (p re p a re d  by methods o u t l i n e d  
i n  C hap te r 4), a v a r i a t i o n  o f  th e  a tom ic  t u n n e l l i n g  model i n v o l v i n g  
e l e c t r o n i c  p rocesses  has been used to  accoun t f o r  th e  low  te m p e ra tu re  
d a ta  i n  a-Ge (Long, Hogg, H o l la n d ,  Ba lkan  and F e r r i e r  1985 ). The 
a to m ic  t u n n e l l i n g  model i s  now b r i e f l y  d is c u s s e d .
The p o l a r i z a t i o n , p ,  o f  a p a i r  o f  a tom ic  s i t e s  can be c a lc u la t e d  
and from  know ing th e  r e la x a t i o n  t im e ,  Long (1982) deve loped  th e  ac 
c o n d u c t i v i t y  , f o l l o w in g  th e  t r e a tm e n t  o f  F r o s s a t ie t  e t  a l (1 9 7 7 )
i . e .  -  A o> tanh v2kT, ( 2 .1 7 )
where Aq = th e  energy w id th  over w h ich v a lu e s  o f  th e  s i t e  s e p a r a t io n  
e n e rg y ,  A> may be found.
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The form  o f  e q u a t io n  2.18 p r e d i c t s  t h a t  th e  c o n d u c t i v i t y  i s  bo th  
f re q u e n c y  and te m p e ra tu re  dependent.
The a to m ic  t u n n e l l i n g  model has been a p p l ie d  t o  c h a lc o g e n id e s  
such as f \s2 $e^ i n  s e c t io n  2 .7 .
( v i )  C o r r e la te d  B a r r i e r  Hopping
C o r r e la te d  b a r r i e r  hopp ing  (CBH) d e s c r ib e s  e le c t r o n  t r a n s p o r t  
between two s i t e s  v ia  an a c t i v a t e d  hopp ing  mechanism. The s i t e s  are 
s e p a ra te d  by a p o t e n t i a l  b a r r i e r  ove r  w h ich  th e  e le c t r o n  must hop.
The b a r r i e r  h e ig h t  i s  reduced by th e  coulomb i n t e r a c t i o n  between the  
two s i t e s .  P ik e  (1972) showed t h a t  f o r  th e  h e ig h t  o f  t h i s  b a r r i e r ,
W i s  c o r r e la t e d  w i t h  th e  s i t e  s e p a ra t io n  R, i . e .
2
W = W -  — — 5 —  (2 .1 8 )
m Tree R„ 0  o 1  z
where W = th e  b a r r i e r  h e ig h t  a t  i n f i n i t e  s i t e  s e p a r a t io n .
The ac c o n d u c t i v i t y  may be c a lc u la t e d  f o r  the  case o f  a s in g le  
e le c t r o n  o r  p a i r s  o f  e le c t r o n s  hopp ing  o ve r  th e  b a r r i e r .  The r e s u l t s  
a re  found  t o  be o f  th e  form
ffl = A if Ao «
d , i t ,2  2 fR 4  dRN o r  cr* = B (kT) w . i f  A »  kT (2 .2 0 )op t o
where N = th e  number o f  s t a te s  d i s t r i b u t e d  ove r  an energy  i n t e r v a l  A .
The e x p re s s io n s  d i f f e r  i n  th e  two cases ( i . e .  one o r  two e le c t r o n s  
by a f a c t o r  c o n ta in e d  i n  A o r  B.
s nBy w r i t i n g  th e  e x p re s s io n s  i n  th e  form  o f  a power la w , a a) T , 
s (and n) can be found .
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i . e .  s -  1 oj +kT£n((jOT , ) (2 .2 1 )
m on
where t ^ i s  th e  r e l a x a t i o n  t im e  a t  ze ro  energy  s e p a ra t io n  o f  th e  
two s i t e s .
The pa ram e te r  s i s  th u s  p re d ic te d  t o  decrease from  1  as th e  
te m p e ra tu re  in c re a s e s .
( v i i )  E x p e r im e n ta l  Review i n  S p u t te re d  M a te r ia l
The c o n d u c t i v i t y  vs te m pe ra tu re  da ta  can be d iv id e d  i n t o  two 
reg im es  i n  s p u t te r e d  m a t e r i a l s .  These a re  th e  h ig h  and low 
te m p e ra tu re  reg im es shown i n  d iagram 2 .4 .
None o f  th e  e le c t r o n  t r a n s f e r  mechanisms o u t l i n e d  i n  th e  p re v io u s  
s e c t io n s  c o u ld  s u c c e s s f u l l y  account f o r  th e  e x p e r im e n ta l  ac lo s s e s  
obse rved  a t  low te m p e ra tu re s  in  s p u t te r e d  m a t e r ia l .  For example, the  
t u n n e l l i n g  model a lo n e  p r e d ic t s  a t u n n e l l i n g  d is ta n c e  o f  ~2 0 nm f o r  
e le c t r o n s .  E x p e r im e n ta l l y ,  t h i s  d is ta n c e  was observed to  be ~1nm in  
f i e l d  dependence e xp e r im e n ts  (Long, Hogg, H o l la n d ,  Ba lkan  and F e r r i e r  
1985 ) .  T h is  i s  a more l i k e l y  f i g u r e  s in c e  s m a l l  a ng le  s c a t t e r i n g  
measurements show t h a t  v o id s  o f  ~1nm are  p re s e n t  i n  a -S i  and a-Ge.
Long e t  a l  then  proposed a model i n v o l v i n g  e le c t r o n  t u n n e l l i n g  
between s ta t e s  a s s o c ia te d  w i th  t h i s  v o id  s t r u c t u r e  w i th  some degree 
o f  l a t t i c e  rea rrangem e n t (see Chapter 5 f o r  more d e t a i l ) .
The h ig h  te m p e ra tu re  regime has been e x p la in e d  by th e  v a r ia b le  
range hopp ing  mechanism d iscussed  in  s e c t io n  2 .3 .
The f re q u e n c y  dependent c o n d u c t i v i t y  da ta  shown i n  d iagram  2 .5 ,  
has been a na lysed  u s in g  th e  EPA model (S um m erf ie ld  and B u tc h e r ,  1982). 
T h is  has been s u c c e s s fu l  i n  a-Ge and a - S i  (Long, M c M il la n ,  Ba lkan  and 
S um m erf ie ld  1988 -  see d iagram  2 .6 )  d a ta .  The lo s s  peaks and s c a l in g
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t o  h ig h e r  te m p e ra tu re s  as th e  dc c o n d u c t i v i t y  f a l l s  (S u m m e r f ie ld  and 
B u tc h e r  1985, Long, Hogg and B a lkan  1983) can be f i t t e d  u s in g  t h i s  
m o d e l.
2 .5  Glow D is ch a rg e  M a t e r ia l s
( a ) '  DC C o n d u c t iv i t y
In  a -S i :H  p repa red  by th e  g low  d is c h a rg e  d e co m p o s it io n  o f  SiH^ 
gas th e  d e n s i t y  o f  gap s t a te s  i s  lo w e r  than  i n  s p u t te r e d  m a t e r i a l .
The d o m in a t in g  dc c o n d u c t io n  mechanisms a re  d i f f e r e n t  as a r e s u l t  and
a re  now d is c u s s e d .
2 . 5 ( b ) ( i )  Extended S ta te  C onduc t io n
T h is  p rocess  in v o lv e s  th e  a c t i v a t i o n  o f  e le c t r o n s  ( o r  h o le s )  t o  
th e  c o n d u c t io n  ( o r  va le n c e )  band. M o tt  and Davis (1979) found  th e
f o l l o w in g  form  f o r  th e  c o n d u c t i v i t y .
o=o . exp -  min r
fE -E ' c F
kT
(2.2 2)
The f a c t o r  a . i s  o f  th e  o rd e r  o f  M o t t ' s  maximum m e t a l l i c  min
c o n d u c t i v i t y  (M o tt  and D av is  (1 9 7 9 ) ) .  In  p r a c t i c e  t h i s  model i s  
somewhat o v e r s im p l i f i e d  because th e  fe rm i  l e v e l  s h i f t s  w i t h  re s p e c t  to  
th e  c o n d u c t io n  band edge as th e  te m p e ra tu re  i s  changed. The q u a n t i t y  
AE^, o b ta in e d  by p l o t t i n g  a g raph o f  lo g  a vs 1 T i s  n o t  th e  t r u e  
a c t i v a t i o n  energy which i s  d e f in e d  as AE^ = E ^ -E p tT ) .  The p o s i t i o n  
o f  th e  fe rm i  l e v e l  can be app rox im a te d  by l i n e a r  r e l a t i o n  a c c o rd in g  
t o
Ef (T )  =  E * (0 )  -  Yp- T. 0 . 2 3 )
R e w r i t in g  th e  c o n d u c t i v i t y  a ,  and u s in g  th e  above e x p re s s io n  we o b ta in
o = a exp(-4E*/kT) 0 . 2 4 )o o
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where o£ = amin e x p ( - y * / k )
and >  E* = Eq -  E * (0 )
The s h i f t  i n  th e  Ferm i l e v e l  t h e r e fo r e  g iv e s  r i s e  t o  a d i f f e r e n c e  
i n  th e  v a lu e  o f  AE* and AE^. T h is  i s  c a lc u la t e d  to  be -YpT a c c o rd in g  
t o  th e  above a n a ly s is .
S im i l a r  a n a ly s is  o f  th e  thermopower ( t h i s  q u a n t i t y  d e te rm in e s  the  
v o l t a g e  produced when a te m p e ra tu re  g ra d ie n t  occu rs  o ve r  a sample) 
y i e l d s  a s i m i l a r  r e s u l t .
where q = th e  charge  on a c a r r i e r ,
s = th e  thermopower
A* = A + Yp /k  and A i s  a c o n s ta n t .
Thus th e  observed thermopower a c t i v a t i o n  energy d i f f e r s  from  th e  
t r u e  v a lu e .  O verho f and Beyer (1981) co n s id e re d  th e  f u n c t io n
Such a f u n c t io n  c a n c e ls  e f f e c t s  due t o  th e  s t a t i s t i c a l  s h i f t  i n  
th e  Ferm i l e v e l  o r  changes i n  Ec o r  A due t o  te m p e ra tu re  changes o r  
d o p in g .  A l i n e a r  r e l a t i o n
£  S = E* /kT  + A* k a ( 2 .2 5 )
Q(T) = &n a (T )  + e S (T ) /k
where a (T )  = Oq exp
and
Q(T) = cons t -  (E^-EQ )kT (2 .2 6 )
i s  found by Overho f and Beyer
T h is  a p p a re n t  d i f f e r e n c e  in  dc c o n d u c t i v i t y  and thermopower 
a c t i v a t i o n  e n e rg ie s  i s  a t t r i b u t e d  to  th e  m o d u la t io n  o f  E^ by long  
range p o t e n t i a l  f l u c t u a t i o n s  due to  in h o m o g e n e r i t ie s  w i t h i n  the  
amorphous m a t e r i a l .  A model i n v o lv in g  inhomogeneous re g io n s  has a ls o  
been used by Long (1989) t o  account f o r  th e  f re q u e n cy  dependence o f  
th e  t o t a l  c o n d u c t i v i t y  i n  a -S i :H  (see s e c t io n  2 .6  and Chapter 5 ) .
The s t a t i s t i c a l  s h i f t  o f  the  Ferm i l e v e l  a ls o  le a d s  to  the  Meyer 
N e ld e l  r u l e  wh ich  s t a te s  t h a t  the  pre.'-c.^one-^+i'a.! f a c t o r  i s  c \ n  e x p o n e n t i a l  ; 
j i^An c t i D n  o f -  + k e . [Ai£n+<*J ac.+ iver+ io rv .
C o n d u c t i v i t y  i n v o l v i n g  the  extended s t a te s  i s  th e  dominant 
mechanism a t  h ig h  te m p e ra tu re s  ( g r e a te r  th a n  300K) i n  ^ (Edmond
1966 see a ls o  da ta  i n  M o tt  and Davis  1979). Extended s t a t e  c o n d u c t io n  
i s  a ls o  observed  i n  g lo w -d is c h a rg e  a - S i :H  a t  te m p e ra tu re s  around 250K 
t o  330K (Le Comber and Spear 1970), see d iag ram  2 .3 .  A t low er 
te m p e ra tu re s  some measurements suggest th e  c o n d u c t io n  mechanism changes 
t o  one i n v o l v i n g  hopp ing  in  the  b a n d - t a i l  s t a t e s .  T h is  accoun ts  f o r  
th e  change i n  a c t i v a t i o n  energy observed and i s  d is cu s se d  i n  th e  nex t 
s e c t io n .
2 . , 5 ( b ) ( i i )  Hopping in ~ B a n d -T a i ls
In  s e c t io n  2 .5 ( a )  l o c a l i z e d  s t a te s  w i t h i n  th e  band-gap were no t 
c o n s id e re d  as b e ing  in v o lv e d  i n  the  c o n d u c t io n  p ro c e s s .  A c t iv a te d  
hopp ing  can a ls o  occu r among c a r r i e r s  moving i n  b a n d - t a i l  s ta t e s .
M o t t  and D a v is  (1979) showed, t h a t ,  f o r  c a r r i e r  hopp ing  between n e a re s t -  
n e ig h b o u rs ,
i . e .  &n a *  = c o n s ta n t  + T  where E,o E.,Mn I = 0 . 0 4 3  t VMNR
(  F -E + 
LA F W1 (2 .2 7 )0 = 0  ^ exP
\
E i s  th e  energy  a t  th e  bo ttom  o f  th e  b a n d - t a i l ,  (see d iagram 2 . 1 ) ,  
A
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and i s  a p r e - e x p o n e n t ia l  f a c t o r  wh ich  i s  e xpec ted  to  be s m a l le r
th a n  a . . T h is  i s  due to  th e  low e r  d e n s i t y  o f  s t a t e s  near E. i n  min 7 A
com parison  w i t h  E^ and the  low er c a r r i e r  m o b i l i t y  i n  th e  b a n d - t a i l s .  
The q u a n t i t y  U)^  i s  th e  a c t i v a t i o n  energy  f o r  th e  hopp ing  mechanism 
r e s p o n s ib le  f o r  co n d u c t io n  in  the  t a i l - s t a t e s .
T h is  p rocess  i s  l i k e l y  to  be s i g n i f i c a n t  a t  lo w e r  te m p e ra tu re s  
th a n  th e  mechanism d iscussed  in  th e  p r e v io u s  s e c t io n .
2.6 AG Conductivity in Glow Discharge Material
The ac c o n d u c t i v i t y  o f  glow d is c h a rg e  a - S i :H  has been s tu d ie d  by
Shimakawa e t  a l  (1987) and aga in  two te m p e ra tu re  reg im es were found 
(see  d iag ram  2 . 8 ) .  The low te m p e ra tu re  lo s s  i s  th o u g h t  t o  a r i s e  from 
th e  p o l a r i s a t i o n  o f  e le c t r o n s  w i t h i n  a c t i v e  c e n t re s  c lo s e  t o  th e  fe r m i  
l e v e l ,  as i n  s p u t te r e d  m a te r ia l .  The models p re s e n te d  so f a r  have, 
however, been unab le  t o  account f o r  th e  h ig h  te m p e ra tu re  ac lo s s .  A 
model (Long 1989) i s  now d e s c r ib e d  to  e x p la in  th e  h ig h  te m p e ra tu re  ac 
lo s s  i n  g low d is c h a rg e  a -S i :H .
Inhomogeneous Model 
E f f e c t i v e  medium methods have been used by v a r io u s  re s e a rc h e rs  t o  
accoun t f o r  th e  co n d u c t io n  p r o p e r t ie s  o f  amorphous m a t e r ia l s .  Such a 
model in v o lv e s  one m a te r ia l  i n t o  which re g io n s  o f  a n o th e r  m a t e r ia l  a re  
fo u n d .  T h is  i s  then  m odelled as an e f f e c t i v e  medium and th e  response 
can be c a lc u la t e d .  Th is  was c a r r ie d  o u t  on a m acroscop ic  s c a le  by 
Bruggeman (1 9 3 6 ) .  The model used i n  th e  a n a ly s is  by a u th o rs  such as 
O ve rho f and Beyer (1981,1983) and Long (1989) a re  a p p l ie d  on a 
m acroscop ic  s c a le .  In  such a model a p a i r  s t a t e ,  f o r  example, i s  
su rrounde d  by o th e r  s ta te s  and th e  response o f  th e  e f f e c t i v e  medium i s  
c a l c u la t e d .
An example o f  an e f f e c t i v e  medium i s  th e  EPA used by Sum m erf ie ld
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and B u tc h e r  (1 9 8 2 ,3 )  t o  ana lyse  th e  f re q u e n c y  dependent c o n d u c t i v i t i e s  
a-Ge and a - S i .  O ther a u th o rs  ( e . g .  B r y k s in  1980 and Movaghar e t  a l  
1980) used e f f e c t i v e  medium methods t o  e x p la in  th e  ac response a t  
in te r m e d ia te  f r e q u e n c ie s .
Long (198*)) used a model proposed by O ve rho f and Beyer (1981,1983) 
as a s t a r t i n g  p o in t  f o r  h is  c a l c u l a t i o n s .  The O ve rho f and Beyer model 
c o n s id e rs  a -S i :H  as ha v in g  m o b i l i t y  edges w h ich  v a ry  i n  energy  w i th  
re s p e c t  t o  th e  Ferm i l e v e l .  T h is  model has been s u c c e s s fu l  i n  e x p la in in g  
p r o p e r t i e s  such as th e  d i f f e r e n c e s  i n  th e  a c t i v a t i o n  e n e rg ie s  f o r  dc 
c o n d u c t i v i t y  and thermopower.
Long proposed t h a t  a -S i :H  can be c o n s id e re d  as h a v in g  s p h e r ic a l  
h ig h  c o n d u c t i v i t y  re g io n s  w i t h i n  a background m a t e r i a l .
These re g io n s  g iv e  r i s e  to  a random ly  v a r y in g  p o t e n t i a l  f l u c t u a t i o n  
between p o in t s  i n  th e  sample. Long c o n s id e re d  th e  case i n  wh ich the  
c o n d u c t io n  band m o b i l i t y  edge i s  lo w e re d ,  w i t h  re s p e c t  to  E ^ , as a 
r e s u l t  o f  t h i s  v a r i a t i o n .  The c o n d u c t i v i t y  can be w r i t t e n  as
a = (?(-, e xp (A E /kT ) .  (2 .2 8 )
where -  th e  c o n d u c t i v i t y  o f  th e  background m a te r ia l  
and AE = th e  amount by which th e  m o b i l i t y  edge i s  low ered
by th e  h ig h  c o n d u c t i v i t y  r e g io n .  I t  i s  assumed t h a t  
each r e g io n  i s  la r g e  enough f o r  a c o n d u c t i v i t y  t o  be 
d e f in e d  f o r  each one.
B y ^ c a lc u la t io n s  by Bruggeman (1936) and S p r in g e t t  (1973) and by 
assuming an e x p o n e n t ia l  d i s t r i b u t i o n  o f  h ig h  c o n d u c t i v i t y  re g io n s  Long 
e x p la in e d  some fe a tu r e s  o f  th e  fre q u e n cy  dependent c o n d u c t i v i t y  d a ta .
The d i s t r i b u t i o n  assumed i s
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C(AE) = (Co/k T Q) e x p ( -A E /k T o ) ( 2 .2 9 )
w i t h  AE > 0. Cq ranges from  0 .17  t o  0 .4  i n  L o n g 's  c a l c u l a t i o n s .
The e m p i r i c a l  r e s u l t  (Shimakawa e t  a l  1987 ),
s «  1 -T /T  (2 .3 0 )o
where T ~ 400K , t o r  a -S i :H  o ’
i s  p r e d ic te d  by t h i s  model u s in g  th e  e x p o n e n t ia l l y  d i s t r i b u t e d
in h o m o g e n e i t ie s  (see a ls o  C hapter 5 ) .
One fe a tu r e  p r e d ic te d  by th e  above a n a ly s is  i s  th e  lo s s  peak 
^de. ^
1
dJlnVy vs lo g  v d a ta .  The maxima i n  such
obse rved  i n  th e  lo g  -
c u rv e s  a re  lo s s  peaks.
They a re  due to  th e  p o l a r i s a t i o n  o f  th e  h ig h  c o n d u c t i v i t y
re g io n s  due t o  an a p p l ie d  f i e l d .  As the  fre q u e n cy  o f  t h i s  f i e l d  i s
reduced  more re g io n s  can respond th u s  the  measured c a p a c i ta n c e  r i s e s .
When th e  fre q u e n cy  reaches a s u f f i c i e n t l y  low v a lu e  then  a l l  th e
r e g io n s  w i l l  respond and th e  c a p a c i ta n c e  w i l l  reach  a c o n s ta n t  v a lu e .
de^
The n u m e r ic a l  d i f f e r e n t i a t i o n  p rocedure  used i n  c a l c u l a t i n g  - d£nv 
de
1w i l l  g iv e  r i s e  t o  th e  shape observed on th e  g raphs o f  lo g  ^ c|£nv 
The e x is ta n c e  o f  lo s s  peaks im p ly  t h a t  the  ac and dc c o n d u c t io n
vs lo g  v.
mechanisms a re  r e la t e d .
O ther d i s t r i b u t i o n s  have a ls o  been c o n s id e re d  by Long, such as 
d o u b le  s id e d  e x p o n e n t ia l  and Gaussian d i s t r i b u t i o n s .  The d o u b le -s id e d  
d i s t r i b u t i o n  g iv e s  s i m i l a r  shaped cu rves  to  e q u a t io n  2 . 8 , a l th o u g h  
b ro a d e r  lo s s  peaks a re  obse rved . The ra te  a t  w h ich  conductance  in c re a s e s  
w i t h  f re q u e n c y  i s  i n f lu e n c e d  by th e  d i s t r i b u t i o n  o f  h ig h  c o n d u c t i v i t y  
r e g io n s .  A p a r t i c u l a r  case i s  th e  Gaussian, i n  w h ich  th e  c o n d u c t i v i t y
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s a tu r a te s  a t  h ig h  f r e q u e n c ie s .  T h is  i s  c o n s is t a n t  w i t h  a T/T
o
v a lu e  g r e a te r  th a n  0 . 2 , c o r re s p o n d in g  t o  a low  d e n s i t y  o f  h ig h  
c o n d u c t i v i t y  r e g io n s .  I t  w i l l  d i f f e r  from  an e x p o n e n t ia l  d i s t r i b u t i o n  
i n  th e se  cases.
2.7 Chalcogenides
( i ) DC C o n d u c t i v i t y
In  c h a lc o g e n id e  m a t e r i a l ,  bo th  i n  b u lk  and t h i n  f i l m  form th e  
dc c o n d u c t i v i t y  i s  a c t i v a t e d  and fo l lo w s  a 1 /T  law . The p rocesses  
re s p o n s ib le  have been d iscu sse d  in  s e c t io n  2 .5 a .
( i i ) AC C o n d u c t i v i t y
High and low te m p e ra tu re  regimes have been i d e n t i f i e d  E l l i o t t  
(1987) f o r  ac c o n d u c t i v i t y  i n  ch a lc o g e n id e s .
The p rocess  r e s p o n s ib le  f o r  the  low  te m p e ra tu re  lo s s  (shown in  
d iag ram  2 .7 )  i s  th o u g h t  t o  be a tom ic  t u n n e l l i n g .  Such a model g iv e s  
r i s e  t o  a weak ly  te m p e ra tu re  dependent ac lo s s  a t  low te m p e ra tu re s .
The fre q u e n c y  dependence o f  the  c o n d u c t i v i t y  i s  p r e d ic te d  to  be l i n e a r  
w i t h  s ~ 1. Such b e h a v io u r  i s  observed e x p e r im e n ta l l y  (see Long 1982, 
E l l i o t t  1987) i n  c h a lc o g e n id e s .
A t in te r m e d ia te  te m p e ra tu re s  (around 100K to  300K i n  As^Se^: 
m a t e r ia l s  such as AsTe shows s i m i l a r  e f f e c t s  a t  low e r  te m p e ra tu re s )  
b ip o la r o n  t r a n s p o r t ,  which in v o lv e s  the  c o r r e la t e d  hopp ing  o f  e le c t r o n  
p a i r s  ove r  a p o t e n t i a l  b a r r i e r ,  i s  th o u g h t  t o  be re s p o n s ib le  f o r  th e  
lo s s  (Long 1982, E l l i o t t  1984). A t h ig h e r  te m p e ra tu re s  ( i . e .  300K in  
As 0 S e ,)  a, . (where a. , = a . + a ) becomes s t r o n g ly  te m p e ra tu re
2  J  t - O t  t O t  OC aC
dependen t. T h is  i s  a ls o  due to  c o r r e la t e d  b a r r i e r  hopp ing  i n v o l v i n g  
b i p i l a r o n s .  As th e  dc l i m i t  i s  reached b ipo la ronsm ay  be
in v o lv e d  i n  th e  hopp ing  (Shimakawa 1982).
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These mechanisms g iv §  r i s e  t o  a s t r o n g l y  te m p e ra tu re  dependent 
c o n d u c t i v i t y ,  and a te m p e ra tu re  dependent v a lu e  o f  th e  f re q u e n c y  
exponen t s .  T h is  pa ram e te r  i s  p r e d ic te d  t o  dec rease , as d is c u s s e d  in  
s e c t io n  2 . 4 ( a ) ( v i )  where c o r r e la t e d  b a r r i e r  hopp ing  i s  d is c u s s e d  in  








Model showing th e  d e n s i t y  o f  s t a t e s  i n  an amorphous 
m a t e r ia l  such as a -S i :H .
E i s  th e  c o n d u c t io n  band edge c
E^ i s  th e  bo ttom  o f  th e  c o n d u c t io n  b a n d - t a i l
Ep i s  th e  Fermi l e v e l
Ep i s  th e  top  o f  the  va lence  b a n d - t a i l
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Diagram 2.2
DC c o n d u c t i v i t i e s  o f  v a r io u s  a -S i  samples 







The t e m p e r a t u r e  dependence o f  g low  d i s c h a r g e  a - S i : H  
d e p o s i t e d  a t  500K (Le Comber and Spear  1 9 7 0 ) .
• d=134nm. A=2-97{mm)2
* d=134nm. A=3-84(mm)2 
+ d=266nm A=426(mm)2
Log (T / K)
Diagram 2.4
The t e m p e r a t u r e  dependence o f  G and C o f  an a-Ge sample  measured 
a t  3kHz.  The h i g h  ( I )  and l ow  ( I I )  t e m p e r a t u r e  r e g i o n s  i n d i c a t e d  






The f r e q u e n c y  dependence o f  t h e  c o n d u c t i v i t y  f o r  an a - S i  samp le .  
The b ro k e n  l i n e s  show t h e  measured dc v a l u e s .  The l o c u s  o f  p o in t  
a t  a s c a l e d  f r e q u e n c y  o f  100 i s  compared w i t h  an EPA f i t ,  w h ich  







The EPA f i t  t o  d a ta  f o r  (T / T ) 4  = 27. The f i t  i s  o f f s e to





















( b ) 1000/ T (K'1)
Diagram 2.7
T em p era tu re  dependence o f  a t o  i l l u s t r a t e  t h e  HTR and LTR
8C
i n  As^Se^ and i s  Ag doped As^Se^ ( H i r a t a  e t  a l  1 98 3 ) .
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CHAPTER 3
3.1 Light-Induced Changes in Amorphous Semiconductors
A number o f  o p t i c a l l y  induced  changes have been s tu d ie d  in
amorphous se m ic o n d u c to rs .  The work d is cu ss e d  in  t h i s  c h a p te r
c o n c e n t ra te s  on e x p e r im e n ts  which in v o lv e  th e  p r o d u c t io n  o f  lo n g -
l i v e d  and m e ta s ta b le  s t a t e s  by i l l u m i n a t i o n .  Such e f f e c t s  in c lu d e
th e  S ta e b le r -W ro n s k i  e f f e c t ,  some lum inescence  e f f e c t s ,  l i g h t - i n d u c e d
e le c t r o n  s p in  resonance (LESR) and some low te m p e ra tu re  p e r s i s t e n t
p h o to c o n d u c t i v i t y  phenomena. Th is  c h a p te r  c o n c e n t ra te s  on th e  e f f e c t s
w h ich  have been observed  i n  a -S i :H .
3 .1 ( a )  The S ta e b le r -W ro n s k i  E f f e c t
S ta e b le r  and W ronsk i (1977) i l l u m in a t e d  doped and undoped
a - S i :H  f i l m s  w i th  l i g h t  o f  w ave leng th  between 600 and 900nm.
_2
I n t e n s i t i e s  o f  100-200mWcm were used. Under i l l u m i n a t i o n  i t  was 
obse rved  t h a t  bo th  th e  da rk  c o n d u c t i v i t y  and the  p h o t o c o n d u c t i v i i t y  
decreased w i th  t im e .  I f  th e  l i g h t  was a p p l ie d  f o r  around 4 h o u rs ,  the  
da rk  c o n d u c t i v i t y  decreased r a p i d l y  a t  f i r s t  and the  s a tu r a te d  decay 
r a t e  was found to  be dependent upon th e  i l l u m i n a t i n g  i n t e n s i t y  i . e .  
h ig h e r  i n t e n s i t i e s  produced a f a s t e r  decay. Each va lu e  to  wh ich th e  
d a rk  c o n d u c t i v i t y  decayed was found to  be s t a b le ,  to  w i t h i n  a f a c t o r  o f  
2 , f o r  days i f  th e  i l l u m i n a t i o n  was i n t e r r u p t e d .
The l i g h t  induced  change was found to  be c o m p le te ly  r e v e r s i b l e .
I f  th e  sample was annea led  a t  around 130°C i t  would r e t u r n  to  i t s  
o r i g i n a l  s t a t e .  The a n n e a l in g  te m p e ra tu re  de te rm ined  th e  r a te  a t  
w h ich  th e  re v e rs e  p rocess  o c c u r re d .
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The te m p e ra tu re  dependence o f  th e  d a rk  c o n d u c t i v i t y  f o l l o w s  
th e  M e y e r -N e ld e l  R u le .  T h is  i s  r e w r i t t e n  as
a -  a e xp (-E  / k T ) ( 3 .1 )u s
where a = C e xp (D E .)  ( 3 .2 )o A
Eg = th e  a c t i v a t i o n  energy 
k = B o l tz m a n n 's  c o n s ta n t  
T = te m p e ra tu re  
and C,D a re  c o n s ta n ts .
The v a lu e  o f  E can be changed by dop ing  th e  sample o r  by e xpos ing  i t
t o  l i g h t .  The subsequent s h i f t  i n  th e  fe rm i  l e v e l  (and t h e r e f o r e  o f
Eg ) i s  r e s p o n s ib le  f o r  th e  change i n  and th e  change i n  th e  
te m p e ra tu re  dependent c o n d u c t i v i t y ,  a ( T ) .  S ta e b le r  and W ronski 
showed t h a t  th e  changes were a p r o p e r t y  o f  th e  b u lk  o f  th e  m a t e r i a l .  
The changes i n  c o n d u c t i v i t y  a re  due to  a decrease i n  th e  number o f  
f r e e  c a r r i e r s  and a re  c o n s is t e n t  w i t h  a change in  th e  d e n s i t y  o r  
o c c u p a t io n  o f  deep-gap s t a t e s .  I f  th e  Ferm i l e v e l  i s  low ered  
to w a rd s  th e  m idd le  o f  th e  energy gap by th e  l i g h t  th e n  th e  a c t i v a t i o n  
energy  in c re a s e s  and th e  c o n d u c t i v i t y  f a l l s .  I t  i s  th o u g h t  t h a t  new 
gap s t a t e s  a re  gene ra te d  by th e  l i g h t .  S im i l a r  changes in  th e  
a c t i v a t i o n  energy and movement i n  th e  Ferm i l e v e l  have been observed 
by c r e a t i n g  new gap s t a te s  by o th e r  means such as th e  bombardment o r  
d e p o s i t i o n  o f  th e  a -S i :H  f i l m s  a t  low  s u b s t r a te  te m p e ra tu re s .
A mechanism to  e x p la in  how new gap s t a te s  c o u ld  be c re a te d  has 
been p roposed by S ta e b le r  and W ronski (1 9 8 0 ) .  They s t a t e  t h a t  th e  
p h o t o c o n d u c t i v i t y  change i s  n o t  a d i r e c t  a b s o rp t io n  p rocess  s in c e  th e  
same S ta e b le r -W ro n s k i  change i s  observed i r r e s p e c t i v e  o f  th e
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p h o t o c o n d u c t i v i t y  pe r  absorbed p h o to n .  E xpe r im en ts  were p e r fo rm ed  
w i t h  l i g h t  o f  w ave leng ths  from  600nm t o  900nm i n  o rd e r  to  show a 
c o r r e l a t i o n  between p h o to c o n d u c t iv i t y  and th e  S ta e b le r -W ro n s k i  e f f e c t .
I t  i s  l i k e l y  t h a t  a f t e r  re c o m b in a t io n  o r  t r a p p in g  a t  a l o c a l i z e d  
d e f e c t ,  s u f f i c i e n t  energy i s  re le a s e d  t o  c r e a te  a l o c a l  bond 
r e o r i e n t a t i o n  o r  d is p la c e m e n t .  Hydrogen w h ich  s a tu r a te s  d a n g l in g  
bonds i n  a - S i :H  i s  l i k e l y  t o  be in v o lv e d .  Thermal energy can th e n  be 
s u p p l ie d  i n  th e  a n n e a l l in g  p rocess  w h ich  would then  cause r e l a x a t i o n  
o f  th e  d is p la c e d  c o n f i g u r a t i o n  and th u s  a r e t u r n  tow ards th e  p r e ­
i l l u m i n a t e d  s t a t e .  F u r th e r  ev idence  o f  t h i s  mechanism can be seen 
when th e  a c t i v a t i o n  energy f o r  th e  a n n e a l in g  p rocess  i s  compared w i th  
th e  d i f f u s i o n  energy o f  hydrogen i n  a - S i :H .  S ta e b le r  and W ronsk i (1980) 
o b ta in  a v a lu e  o f  1.5eV.
A second model was a ls o  proposed by S ta e b le r  and W ronski (1 9 8 0 ) .  
Here e le c t r o n s  a re  o p t i c a l l y  e x c i t e d  t o  s t a t e s  which a re  i n  poor 
com m un ica t ion  w i t h  the  extended s t a t e s .  These e le c t r o n s  a re  t ra p p e d  
and no lo n g e r  ta k e  p a r t  i n  th e  ba lance  which e s ta b l is h e s  thermodynamic 
e q u i l i b r i u m .  The Fermi l e v e l  w i l l  d rop  as a r e s u l t  o f  th e  b u lk  b e ing  
d e p r iv e d  o f  f r e e  c a r r i e r s .  A f a l l  i n  th e  number o f  a v a i l a b le  f r e e  
c a r r i e r s  w i l l  thus  cause th e  da rk  c o n d u c t i v i t y  to  decrease . The f a l l  
i n  th e  p h o to c o n d u c t i v i t y  can be e x p la in e d  by an in c re a s e  i n  th e  
r e c o m b in a t io n  c r o s s - s e c t io n s .  T h is  w i l l  be caused by i o n i z a t i o n  o f  
some d e fe c ts  by th e  t r a n s f e r  o f  charge  o r  by th e  f a l l  i n  th e  Ferm i 
l e v e l .
The a n n e a l in g  p rocess i n  t h i s  model i s  due to  e le c t r o n s  b e in g  
e x c i t e d  from  t h e i r  t r a p s .  An a c t i v a t i o n  energy o f  ~1.5eV and th e  
f a c t  t h a t  these  c e n t re s  must be w i t h i n  0 .2  o r  0.3eV o f  the  m o b i l i t y
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edge, o th e rw is e  th e  c e n t re s  would be lo w e r  than  the  F e r m i - l e v e l  and 
w ou ld  n o t  be t h e r m a l ly  a n n ea led , i s  c o n s is t e n t  w i th  th e  concep t o f  
th e  c e n t re s  be ing  i n  poor com m un ica t ion  w i t h  th e  ex tended  s t a t e s .  
A c c o rd in g  to  S te a b le r  and W ronsk i t h i s  i s  because th e  c e n t re s  a re  
s u rro u n d e d  by a s t ro n g  r e p u ls i v e  b a r r i e r  w hc ih  must be overcome i f  
t h e y  a re  to  be em ptied  by a n n e a l in g .
O ther models have been proposed to  e x p la in  the  m e ta s ta b le  s ta te s  
o b ta in e d  under i l l u m i n a t i o n .  Dersch e t  a l  (1981) e x p la in e d  these  
s t a t e s  by c o n s id e r in g  weak S i - S i  bonds w hich b reak . Hydrogen atoms 
a re  t r a n s f e r r e d  to  these  bonds from c l u s t e r s  o f  S i-H  bonds a t  th e  
i n t e r n a l  s u r fa c e  o f  v o id s  i n  th e  a -S i :H  b u lk .  E l l i o t  (1979) suggested  
t h a t  e x c i to n s  genera ted  by th e  l i g h t  become s e l f - t r a p p e d  and produce 
D+-D ”  p a i r s .  T h e ir  Coulomb i n t e r a c t i o n  and a " s o f t ” l a t t i c e ,  near 
weak bonds s t a b i l i z e s  th e  charged d a n g l in g  bonds. The m e ta s ta b le  
s t a t e s  c re a te d  by th e  l i g h t  c o u ld  r e s u l t  from two n e u t r a l  c o n f ig u r a t io n s  
o f  a s in g le  d a n g l in g  bond, as suggested  by W ante le t e t  a l  (1 9 8 1 ) .
In  a re c e n t  re v ie w  F r i t z s c h e  (1985) favoured  the  model in  
w h ich  new d a n g l in g  bond s t a t e s  a re  c re a te d  by the i n c id e n t  l i g h t .
As th e  a c t i v a t i o n  e ne rgy ,  E^, in c re a s e s  as th e  i l l u m i n a t i n g  t im e  
in c re a s e s  the  Fermi l e v e l  moves tow ards  m id -gap . F r i t z s c h e  found t h a t  
th e  r a t e  a t  which t h i s  change occu rs  c o u ld  be e x p la in e d  by th e  shape 
o f  th e  d e n s i t y  o f  s ta te s  w i t h i n  the  gap.
3 .1 ( b )  Photo lum inescence
Luminescence has been observed i n  a range o f  amorphous m a te r ia ls  
e . g .  a - S i :H ,  3 - ^ 2 ^^  and a - S i : 0 :H .  Expe r im en ts  c o n s is t  o f  i l l u m i n a t i n g  
th e  m a te r ia l  under s tu d y  w i t h  e i t h e r  c o n s ta n t  r a d ia t i o n  o r  w i th  s h o r t  
p u ls e s  o f  l i g h t .  L ig h t  i s  s u b se q u e n t ly  e m i t te d  from th e  m a t e r ia l  and
i t s  w ave leng th  and i n t e n s i t y  can be measured. These e xp e r im e n ts  can
be d iv id e d  i n t o  th o se  w h ich  s tudy  th e  lum inescence  i n t e n s i t y  as a
f u n c t i o n  o f  w ave leng th  and those  which measure th e  t im e  dependence
o f  th e  lum inescence  i n t e n s i t y .  The s p e c t r a l  dependence o f  the
lum inescence  i n t e n s i t y  i s  shown in  d iagram  3 .1 3 ( 1 ) .  A peak i s
observed  around th e  m id d le  o f  the  range o f  lum inescence  i n t e n s i t i e s .
S t r e e t  (1980) and Tsang and S t r e e t  (1979) observed t h a t  th e  peak energy
s h i f t s  t o  low e r  v a lu e s ,  w i t h  t im e ,  a f t e r  exposure  t o  s h o r t - p u ls e s  o f
l i g h t .  I n i t i a l l y ,  th e  peak energy decreases r a p i d l y  i n  -100  n seconds
w h ich  i s  a t t r i b u t e d  t o  a t h e r m a l i s a t io n  p rocess  i n v o l v i n g  non-
r a d i a t i v e  t r a n s i t i o n s  th ro u g h  b a n d - t a i l  s t a t e s .  A f u r t h e r  decrease 
-4i s  found a f t e r  -10  seconds has e lapsed . T h is  i s  due t o  c a r r i e r s  
re c o m b in in g  by n o n - r a d ia t i v e  t r a n s i t i o n s  in v o l v i n g  t u n n e l l i n g .
The r a d i a t i v e  p rocesses  re s p o n s ib le  f o r  th e  lum inescence  e f f e c t  
can now be c o n s id e re d .  E le c t r o n - h o le  p a i r s  a re  c re a te d  by in c id e n t  
i l l u m i n a t i o n  and th e  r e s u l t i n g  c a r r i e r s  a re  su b se q u e n t ly  t ra p p e d  in  
b a n d - t a i l  s t a t e s  o r  s t a t e s  due to  s t r u c t u r a l  d e fe c ts  such as d a n g l in g  
bonds. R ecom b ina t ion  can then  occur i n  p r i n c i p l e  by one o f  s e v e ra l  
mechanisms, a l l  o f  wh ich  e x p la in  why th e  e m i t te d  r a d i a t i o n  has a range 
o f  w ave leng ths  a t  lo w e r  e n e rg ie s  than  the  i n c id e n t  l i g h t .  One 
mechanism i s  t h a t  e x c i t e d  e le c t r o n s  w i l l  th e r m a l iz e  down th ro u g h  the  
gap u n t i l  r a d i a t i v e  re c o m b in a t io n  takes  p la ce  w i th  a h o le  i n  a va lence  
b a n d - t a i l  s t a t e .  A n o th e r  p o s s i b i l i t y  c o n s id e rs  e le c t r o n s  recom b in ing  
w i t h  d e fe c t  s t a t e s  e m i t t i n g  photons, and fo rm in g  a band deep in  the  
gap.
I t  i s  assumed t h a t  e l e c t r o n - l a t t i c e  c o u p l in g  i s  n e g l i g i b l e  i n  these  
two m odels . I f  t h i s  i s  s t ro n g  then energy l e v e l s  change as e le c t r o n s  
a re  e x c i t e d .  T h is  means t h a t  an e le c t r o n  e x c i te d  from (1 )  (see d iagram
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3 .1 )  t o  th e  c o n d u c t io n  band can recom bine  a t  t h i s  same c e n t re ,  b u t  a t  
a d i f f e r e n t  energy  ( 2 ) .  T h is  g iv e s  a d i f f e r e n c e  in  e x c i t a t i o n  and 
lum inescence  e n e rg ie s  (S tokes  s h i f t ) .
The p o s i t i o n  o f  lum inescence peak i s  found to  be te m pe ra tu re  
dependent and i s  e x p la in e d  by S t r e e t  (1981) and Kosarev e t  a l  (1 987 ) .
I t  i s  fo u n d ,  by S t r e e t ,  t h a t  the  lum inescence  i n t e n s i t y  in c re a s e s  in  
th e  range 10K < T < 30K. A t te m p e ra tu re s  from  50K upwards the  
lum inescence  i n t e n s i t y  decreases. Such e f f e c t s  are observed to  be 
in d e p e n d e n t  o f  th e  e x c i t a t i o n  w ave leng th  and dependent on the  i n t e n s i t y  
(see  d iagram  3 .3  ) .
The low te m p e ra tu re  lum inescence i n t e n s i t y  i s  due to  r a d i a t i v e  
t r a n s i t i o n s  w i t h i n  th e  b a n d - t a i l s  ( S t r e e t  1981 ). R ecom bination can
pr octs s
th e n  ta k e  p la c e  by a g e m in a te y ( ( i .e .  one i n  wh ich an e le c t r o n - h o le  
p a i r  gene ra te d  i n  one even t l a t e r  recom b ine) u n le s s  th e  d e n s i t y  o f  
o p t i c a l l y  induced  c a r r i e r s  i s  s u f f i c i e n t l y  h ig h  f o r  a non-ge m ina te  
p ro c e ss  ( i . e .  a p rocess  in  which th e  o v e r la p  between e le c t r o n - h o le  
p a i r s  i s  such t h a t  re c o m b in a t io n  can ta k e  p la c e  w i th  n e ig h b o u r in g  
e l e c t r o n - h o le  p a i r s ) .  As the  te m p e ra tu re  in c re a s e s  t o  -30K (Tsang 
and S t r e e t  1979) th e  lum inescence i n t e n s i t y  a ls o  in c re a s e s .  T h is
of
im p l i e s  t h a t  th e  n u m b e r^ ra d ia t iv e  t r a n s i t i o n s  d iv id e d  by the  number 
o f  n o n - r a d ia t i v e  t r a n s i t i o n s  i s  in c r e a s in g .  Tsang and S t r e e t  observed 
t h a t  t h e i r  lum inescence  decay da ta  showed t h a t  the  decay t im e s ,  i . e .  
w i t h o u t  i l l u m i n a t i o n ,  decreased w i th  in c r e a s in g  te m p e ra tu re .  Th is  
im p l ie s  t h a t  th e  number o f  r a d i a t i v e  t r a n s i t i o n s  i s  in c r e a s in g  w i t h
in v e r s e  te m p e ra tu re .
Above 80K e le c t r o n - h o le  p a i r s  b eg in  t o  d i f f u s e  a p a r t  r a p id l y  i n
b a n d - t a i l  s t a t e s .  The inc reased  th e rm a l  energy  now s u p p l ie d  p re v e n ts
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c a r r i e r s  b e ing  t ra p p e d  i n  th e  b a n d - t a i l s .  The d o m ina t ing  
re c o m b in a t io n  mechanism i s  now n o n - r a d ia t i v e  and i s  v ia  d e fe c t  
s t a t e s .  The lum inescence  i n t e n s i t y  t h e r e f o r e  decreases as non- 
r a d i a t i v e  re c o m b in a t io n  becomes more dom inan t.
The presence o f  d a n g l in g  bonds, due to  d e fe c t  s t a t e s ,  w i t h i n  
th e  band gap a ls o  in f lu e n c e d  the  lum inescence  i n t e n s i t y .  C a r r ie r s  
recom bine by n o n - r a d ia t i v e  t u n n e l l i n g  v ia  these  s t a te s .  I t  f o l l o w s  
t h a t  m a te r ia ls  w i th  th e  h ig h e s t  d e n s i t y  o f  d e fe c t  s ta te s  w i l l  have 
th e  lo w e s t  pho to lum inescence  e f f i c i e n c y .  M a te r ia ls  c o n ta in in g  
h ig h  d e n s i t i e s  o f  d a n g l in g  bonds ( e .g .  a - S i )  do not show a 
lum inescence  s ig n a l  ( S t r e e t  1987).
3 . 1 ( c )  L ig h t  Induced E le c t r o n  Spin Resonance (LESR)
LESR has been used to  s tudy  re c o m b in a t io n  mechanisms in  a -S i :H  
( S t r e e t  and B ie g e lse n  1982, C a r iu s  and Fuhs 1982).
A t low te m p e ra tu re s  and under i l l u m i n a t i o n  a r i s e  i n  th e  ESR 
s i g n a l  i s  observed ( S t r e e t  and B ie g e ls e n  1982, C a r ius  and Fuhs 1982). 
Removal o f  the  l i g h t  causes the  s ig n a l  to  d ro p ,  i n i t i a l l y  a t  a f a s t  
r a t e  fo l lo w e d  by a s low  decay tow ards th e  e q u i l i b r i u m  v a lu e .
The LESR s ig n a l  i s  made up from th e  s u p e r p o s i t io n  o f  resonances 
and s ig n a ls  due to  charge t rapped  i n  b a n d - t a i l  s ta te s  and i n  s t a t e s  
due to  d a n g l in g  bonds. The ESR te c h n iq u e  o n ly  d e te c ts  s t a t e s  wh ich 
a re  pa ram agne t ic  ( i . e .  s ta te s  in  which th e  t o t a l  s p in  o f  th e  system i s  no t 
z e r o ) .  Resonance occu rs  when the  frequency  o f  an o s c i l l a t i n g  m agne tic  
f i e l d ,  a p p l ie d  a t  r i g h t  ang les  to  a s t a t i c  magnetic  f i e l d ,  f u l f i l s  
th e  c o n d i t io n s  necessary  f o r  t r a n s i t i o n s  between s p l i t  energy l e v e l s
due t o  th e  s t a t i c  f i e l d .
S t r e e t  and B ie g e ls e n  (1982) and C a r iu s  and Fuhs (1985) s tu d ie d
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th e  LESR and lum inscence  da ta  i n  a - S i :H .  A t low  te m p e ra tu re s  th e  
re c o m b in a t io n  ta ke s  p la c e  r a d i a t i v e l y  and i s  gem ina te .  T h is  i s  a 
m onom olecu la r p rocess  in  w h ich th e  s e p a ra t io n  o f  e le c t r o n s  and h o le s  
i s  le s s  th a n  th e  d is ta n c e  between th e  e le c t r o n - h o le  p a i r s .  As th e  
d e n s i t y  o f  e le c t r o n  h o le  p a i r s  in c re a s e s  so t h a t  th e  i n t e r - p a i r  
s e p a r a t io n  becomes comparable to  the  i n t r a - p a i r  s e p a r a t io n  th e  system 
can c o n v e r t  t o  b im o le c u la r  re c o m b in a t io n .  Th is  means t h a t  c a r r i e r  
l i f e t i m e s  w i l l  be s h o r t e r .
In  LESR exp e r im e n ts  ev idence  i s  a v a i l a b le  to  show t h a t  th e  
re c o m b in a t io n  ta ke s  p la c e  by a b im o le c u la r  p ro c e s s .  T h is  i s  d i f f e r e n t  
from  th e  m onom olecu lar p rocess  ta k in g  p lace  in  lum inescence  p rocesses  
a l th o u g h  th e se  are  pe rfo rm ed  a t  th e  same t im e  by S t r e e t  e t  a l .
The p l o t  o f  lo g  ( e x c i t a t i o n  i n t e n s i t y )  a g a in s t  loo  ^ (number o f  
in d u ce d  sp in s )  i s  c lo s e  to  l i n e a r  w i th  a g r a d ie n t  o f  around 0 . 2  (see 
d iag ram  3 . 4 ) .  Such b e h a v io u r  cannot be e x p la in e d  by a gem ina te  p rocess  
as a l i n e a r  r e l a t i o n  would be expected  i f  t h i s  was th e  case.
A p p ly in g  1 sec p u lse s  o f  l i g h t  o f  v a ry in g  i n t e n s i t y  p ro v id e s  
f u r t h e r  e v idence  f o r  the  b im o le c u la r  re c o m b in a t io n  p ro c e s s .  Diagram 
3 . 4  shows t h a t  th e  decays observed when the  l i g h t  i s  removed span 
s e v e r a l  o rd e rs  o f  magnitude in  t im e .  The decays a re  s h o r t e r  f o r  low 
i n t e n s i t y  p u ls e s  i n d i c a t i n g  t h a t  c a r r i e r  l i f e t i m e s  a re  i n c r e a s in g  w i th  
i n t e n s i t y ,  w h ich  i s  expected  in  a b im o le c u la r  p ro c e ss .  T h is  im p l ie s  
t h a t  a b road  d i s t r i b u t i o n  o f  c a r r i e r  l i f e t i m e s  i s  in v o lv e d  which i s  
i n d i c a t i v e  o f  a t u n n e l l i n g  p rocess .
The e x p e r im e n t  u s in g  pu lsed  l i g h t ,  ( o f  20msec d u r a t io n )  
g p p l ia d  g ve ry  1 2 . 5  sec , can be used to  d i f f e r e n t i a t e  between d i s t a n t  
p a i r  and gem ina te  re c o m b in a t io n .  In  a d i s t a n t  p a i r  re c o m b in a t io n
32
p ro c e s s ,  a s m a l l  number o f  e le c t r o n - h o le  p a i r s  are c re a te d  by th e  
f i r s t  l i g h t  p u ls e .  These are w id e ly  s e p a ra te d .  For t im e s  le s s  than  
th e  t im e  between p u ls e s ,  lum inescence i s  n e g l i g i b l e ,  t h e r e f o r e  the  
c r e a t i o n  o f  in d u ce d  s p in s  i s  100?o e f f i c i e n t .  More p u ls e s  in c re a s e  
th e  d e n s i t y  o f  e x c i t e d  c a r r i e r s  and th e  degree o f  r a d i a t i v e  
re c o m b in a t io n  in c re a s e s ,  as the  average s e p a ra t io n  o f  e le c t r o n s  and 
h o le s  d e c re a se s .  An e q u i l i b r iu m  s i t u a t i o n  i s  e v e n tu a l l y  reached.
In  a gem ina te  p ro c e s s ,  i f  the  e le c t r o n - h o le  s e p a ra t io n s  a re  such t h a t  
re c o m b in a t io n  ta k e s  p la c e  b e fo re  th e  n e x t  p u lse  a r r i v e s ,  then  th e  
same d i s t r i b u t i o n  o f  c a r r i e r s  i s  o b ta in e d  a f t e r  each p u ls e  a r r i v e s .  
T h is  p r e d i c t s  t h a t  a low  d e n s i t y  o f  induced  s p in s  and a h ig h  
lum inescence  e f f i c i e n c y  w i l l  be found, no m a t te r  how many p u ls e s  o f  
l i g h t  a re  i n c i d e n t  on the  sample.
The r e s u l t s  o b ta in e d  by S t r e e t  e t  a l  (1982) show t h a t  t h i s  i s  
indeed  th e  case , th u s  su g g e s t in g  a geminate recom b ina t ion  process.
S t r e e t  and B ie g e ls e n  p o s tu la te d  a mechanism to  e x p la in  
re c o m b in a t io n  i n  lum inescence and LESR e xp e r im e n ts .  E le c t r o n s  a re  
e x c i t e d  t o  b a n d - t a i l  s t a te s  and th e r m a l iz e  by s e v e ra l  s h o r t  t u n n e l l i n g  
t r a n s i t i o n s .  The i n t r a - p a i r  r a d i a l  d i s t r i b u t i o n  f u n c t io n  o f  c a r r i e r s  
b e fo re  r e c o m b in a t io n  i s
where r  = average  i n t r a - p a i r  s e p a ra t io n  ~50A.
G ( r )  can be w r i t t e n  as G ( lnT )  from e q u a t io n  3 .3  and knowing i ( r )  
(D iagram  3 .5a  shows p l o t s  o f  these  q u a n t i t i e s  a g a in s t  th e  d e n s i t y  o f  
c a r r i e r s .  3 .5b  shows th e  d i s t r i b u t i o n  a f t e r  s e v e ra l  p u ls e s .  The one 
p u ls e  g raph shows th e  c a r r i e r  d i s t r i b u t i o n  when a l l  c a r r i e r s  w i t h i n
G ( r ) ( 3 .3 )
o
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a r a d iu s  have recom bined . The f r a c t i o n  o f  c a r r i e r s  re m a in in g  a re  
lo n g e r  l i v e d  and th e  number o f  these  m e ta s ta b le  s ta te s  s t e a d i l y  
in c r e a s e s .  When these  c a r r i e r s  reach  a s u f f i c i e n t l y  h ig h  d e n s i t y  
re c o m b in a t io n  can ta k e  p la c e  between non-gem ina te  p a i r s  and a 
b im o le c u la r  p rocess  o c c u rs .  As th e  l i g h t  c o n t in u e s  to  e x c i t e  c a r r i e r s  
th e  c a r r i e r  d i s t r i b u t i o n  moves tow ards  s h o r t e r  l i f e t i m e s  a t  a h ig h e r  
degree o f  e x c i t a t i o n .  T h is  means t h a t  re c o m b in a t io n  i s  a m ix tu r e  o f  
a gem ina te  p rocess  between s h o r t  l i v e d  s t a te s  and a non-gem ina te  
b im o le c u la r  reg im e o f  l o n g - l i v e d  s t a t e s .  LE5R i s  dom inated by b im o le c u la r  
b e h a v io u r  s in c e  i t  measures th e  number o f  t ra p p e d  c a r r i e r s  w h ich  are 
p a ra m a g n e t ic .  The lum inescence measurements a re  due to  c a r r i e r s  
re c o m b in in g  r a d i a t i v e l y  and are  a t t r i b u t e d  to  the  f a s t e r  g e rm ina te  
p ro c e s s .
O the r work w i th  LESR has been used to  i d e n t i f y  c a r r i e r  typ e s  
(C a r iu s  and Fuhs, 1985). They showed t h a t  th e  s p in  d e n s i t y  o f  
t ra p p e d  h o le s  in  p - ty p e  m a te r ia l  was l a r g e r  than  t h a t  o f  e le c t r o n s  
and d a n g l in g  bonds. The e le c t r o n  and d a n g l in g  bond s ig n a l  decayed 
more r a p i d l y  than  t h a t  o f  h o le s .  (See a ls o  s e c t io n  3 . 3 . )
IR r a d i a t i o n  has th e  e f f e c t  o f  quench ing  the  LESR s ig n a l  and 
w i l l  be d is c u s s e d  more f u l l y  i n  s e c t io n  3 .3 .
3 .1 ( d )  DC P h o to c o n d u c t iv i t y
L ig h t  exposure  has been shown t o  in c re a s e  the  dc c o n d u c t i v i t y  
o f  a -S i :H  sam ples. T h is  i s  a d i f f e r e n t  e f f e c t  from th e  S ta e b le r -  
W ronsk i e f f e c t  d iscussed  e a r l i e r  ( s e c t io n  3 . 1 ( a ) ) .  The S ta e b le r -  
W ronsk i e f f e c t  in v o lv e s  th e  p r o d u c t io n  o f  m e ta s ta b le  s ta te s  by the  
l i g h t .  The dc p h o to c o n d u c t i v i t y  d is cu s se d  i n  t h i s  s e c t io n  decays 
t o  ze ro  a t  lo n g  enough t im e s  w i th o u t  any need f o r  a n n e a l l in g  th e
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m a t e r i a l .  The d i v i s i o n  between th e  two e f f e c t s  i s  n o t  sha rp  and a 
t r a n s i t i o n  re g io n  i s  l i k e l y  t o  e x i s t .
P h o to c o n d u c t i v i t y  e x p e r im e n ts  in v o lv e  i l l u m i n a t i n g  th e  a - S i :H  
m a t e r i a l  w i t h  e i t h e r  s h o r t  p robes o r  c o n t in u o u s  l i g h t .  The i n t e n s i t y  
and te m p e ra tu re  dependence o f  any o p t i c a l l y  induced  changes in  
c o n d u c t i v i t y  a re  then  measured.
The i n t e n s i t y  dependence o f  th e  dc p h o to c o n d u c t i v i t y  i s  g e n e r a l l y  
observed  to  obey th e  f o l l o w in g  law ( S ta e b le r  and W ronsk i 1980, H o h e is a l ,  
C a r iu s  and Fuhs 1983 and Huang e t  a l ,  1983, f o r  exam p le ) .
a , , a  I T ( 3 .4 )dcph
The te m p e ra tu re  dependence o f  t h i s  r e l a t i o n  was i n v e s t ig a t e d  by 
Huang e t  a l .  I t  was found t h a t  y  v a r ie s  from about 0 .63  a t  -94°C 
t o  -0 .7 5  a t  a iound  100°C.
The measured p h o t o c o n d u c t i v i t y  i s  due to  the  i n c i d e n t  l i g h t  
c r e a t in g  e le c t r o n - h o le  p a i r s  w h ich  c o n t r i b u t e  to  th e  c u r r e n t .  
R ecom b ina t ion  mechanisms w i l l  i n f l u e n c e  the  dependence o f  th e  p h o to ­
c o n d u c t i v i t y .  A t h ig h  ( -250K ) te m p e ra tu re s  re c o m b in a t io n  i s  t h e r m a l l y  
a c t i v a t e d  and th e  ln ( p h o to c u r r e n t )  a 1 /T .  A t low e r te m p e ra tu re s  
c a r r i e r s  become t ra p p e d  and th e  p h o to c u r r e n t  w i l l  depend on th e  
l i m i t e d  d r i f t  m o b i l i t y .  T h is  i s  th e  more im p o r ta n t  reg im e as f a r  as 
we are  concerned and w i l l  now be co n s id e re d  in  d e t a i l .
E xpe r im en ts  were pe r fo rm ed  by Spear e t  a l  (1986, 1987) and by 
H o h e is e l  e t  a l  (1984) t o  measure th e  low tem p e ra tu re  p h o to c o n d u c t i v i t y  
i n  a -S i :H .  T h e i r  d is c u s s io n  concerned the  p ro d u c t  r) u t where g
6 a
i s  d e f in e d  as th e  p h o to g e n e ra t io n  e f f i c i e n c y ,  i s  th e  e le c t r o n
d r i f t  m o b i l i t y  and t  i s  th e  c a r r i e r  l i f e t i m e  w i t h i n  th e  l i g h t - a b s o r b i n g  J a
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r e g io n  o f  th e  sam ple . The p h o to c u r re n t  i s  o b ta in e d  from  th e  
p h o to c o n d u c t i v i t y  w h ich  i s  w r i t t e n  as
c r .  = e G t y ( 3 .5 )ph a e
G i s  a q u a n t i t y  dependent on the  l i g h t  i n t e n s i t y  absorbed by the  
s i l i c o n  i n  a t h ic k n e s s ,  d , and G a q l .  Both re s e a rc h e rs  found t h a t
th e  q y I  p ro d u c t  r i s e s  by 4 o rd e rs  o f  magnitude between 80K and6 3
room temp. Below 80K th e  v a lu e  o f  q y t tends  to  an a lm os t c o n s ta n te a
-11 2 -1v a lu e  o f  10 cm V (see  d iagram 3 . 2 ) .
t+«.l
H o h e is e l / , i n te r p r e te d  t h e i r  r e s u l t s  by s a y in g  t h a t  c a r r i e r s  o n ly  
c o n t r i b u t e  t o  th e  p h o to c u r re n t  d u r in g  t h e r m a l i z a t io n  and a re  
s u b s e q u e n t ly  t ra p p e d  i n  l o c a l i z e d  s ta te s  w i t h i n  the  b a n d - t a i l s .  Spear 
e t  a l  suggest t h a t  a n o th e r  mechanism i s  r e s p o n s ib le  f o r  th e  observed 
d a ta .  I f  th e  q y t p ro d u c t  i s  c a lc u la te d  from H o h e is e l ' s  r e s u l t s
0 6 3
th e n  q «  1. T h is  i s  u n i e a l i s t i c  i f  th e  e f f i c i e n t  low te m p e ra tu re
lum inescence  p rocess  i s  c o n s id e re d .  Both H o h e ise l e t  a l  and Spear
e t  a l  found s t r o n g  a n t i - c o r r e l a t i o n  between q and q ^ i . e .  a t  low
T (be low  ~S0K) q ~ 1 and q ^  ~ 10 . Spear e t  a l  a t t r i b u t e  t r a n s p o r t
th ro u g h  b a n d - t a i l  s t a t e s  as th e  m ajor c o n t r i b u t i n g  mechanism to  th e  
p h o to c u r r e n t .
3 .1 ( e )  T ra n s ie n t  P h o to c o n d u c t i v i t y
T ra n s ie n t  p h o to c o n d u c t i v i t y  measurements have been used by s e v e ra l  
re s e a rc h e rs  ( e . g .  O re n s te in  and K as tne r  1981, Huang e t  a l  1983) to  
p ro v id e  ev idence  f o r  re c o m b in a t io n  mechanisms and s t a te s  w i t h i n  the  
band gap. The e x p e r im e n ts  c o n s is t  o f  expos ing  samples t o  s h o r t  
p u ls e s  o f  l i g h t  ( g e n e r a l l y  o f  th e  o rd e r  o f  1 0 0  p seconds up to  a few 
n seconds).  A power law  dependence o f  th e  p h o to c u r re n t  decay is found
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w h ich  f o l l o w s  I  a t - s . A t te m p e ra tu ie s  g r e a te r  than  100K, s = 1 - T /T q 
(where T = th e  te m p e ra tu re  and Tq ranges from  300K t o  1000K). Below 
100K th e  v a lu e  o f  s tends  t o  one.
Huang e t  a l  used th e  m u l t i - t r a p p i n g  model to  i n t e r p r e t  t h e i r  
r e s u l t s .  The o p t i c a l l y  induced  c a r r i e r s  a re  e x c i t e d  to  ex tended 
s t a t e s  and th e n  th e r m a l is e  i n  a broad d i s t r i b u t i o n  o f  l o c a l i s e d  t a i l  
s t a t e s .  Huang e t  a l  then  o b ta in e d  a d iag ram  (d iag ram  3 .1 0 )  showing 
th e  d e n s i t y  o f  s t a t e s  w i t h i n  the  band-gap. T h is  was accom p lished  by 
c o n v e r t in g  th e  t im e  s c a le  t o  an energy s c a le  u s in g  E = E^ -  kT l n ( v Qt )  
where = th e  escape frequency  a s s o c ia te d  w i t h  the  t r a p s  and E^ i s  
th e  c o n d u c t io n  band edge.
Monroe (1985) (and s i m i l a r  c a l c u l a t i o n s  pe rfo rm ed  by Movaghar 
e t  a l  (1 9 8 6 ) ,  and G r inew a ld  e t  a l  (1986, 1987)) ana lysed  th e  p h o to -  
c u r r e n t  decays u s in g  a model in  which c a r r i e r s  become t ra p p e d  i n  band- 
t a i l  s t a t e s  a f t e r  e x c i t a t i o n  and t h e r m a l i s a t i o n .  A f t e r  t r a p p in g  
c a r r i e r s  can e i t h e r  hop down in  energy ( t h i s  i s  im p o r ta n t  f o r  s h a l lo w  
s t a t e s )  o r  a re  a c t i v a t e d  to  s h a l lo w  s ta te s  and su b se q u e n t ly  hop down 
i n  energy  ( t h i s  i s  im p o r ta n t  f o r  deep s t a t e s ) .  Monroe p r e d i c t s  t h a t  
i n i t i a l l y  hopp ing  down from s h a l lo w  s ta te s  w i l l  be r e s p o n s ib le  f o r  
th e  p h o to c u r r e n t  decay, g i v in g  r i s e  t o  a 1 / t im e  dependence w i th  a 
l o g a r i t h m ic  c o n n e c t io n .  As t im e  p ro g re s se s  c a r r i e r s  w i l l  move to  
deeper e n e rg ie s  and th e  re c o m b in a t io n  p rocess  w i l l  become s lo w e r .
Thermal energy  s u p p l ie d  to  the  sample sh o u ld  t h e r e fo r e  e x c i t e  c a r r i e r s  
as d e s c r ib e d  a t  th e  s t a r t  o f  t h i s  pa rag raph  and th e r e fo r e  in c re a s e  the  
decay r a t e  o f  th e  p h o to c u r r e n t .  T h is  mechanism i s  d iscussed  a ga in  in  
C hap te r 7 and i t s  a p p l i c a t i o n  to  th e  o p t i c a l l y  induced ac lo s s  da ta  
i s  c o n s id e re d .  I t  i s  conc luded t h a t  th e  te m p e ra tu re  dependence o f
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th e  Ae^ decays dees n o t  s u p p o r t  M onroe 's  id e a .
3.2 Recombination in Amorphous Silicon
S e v e ra l  c a r r i e r  re c o m b in a t io n  mechanisms are p o s s ib le  i n  a - S i  
o r  a - S i :H .  th e  d o m in a t in g  mechanism i s  dependent on s t r u c t u r a l  
p r o p e r t i e s  ( e . g .  th e  c o n c e n t r a t io n  o f  d e fe c t  s ta te s  w i t h i n  th e  band 
gap) and e x p e r im e n ta l  c o n d i t i o n s  ( e .g .  tem p e ra tu re  and degree o f  
i l l u m i n a t i o n  used to  e x c i t e  c a r r i e r s ) .  D iagram 3 .9  shows th e  v a r io u s  
r e c o m b in a t io n  mechanisms i d e n t i f i e d  by S t r e e t  (1981 ).
R ecom b ina t ion  mechanisms have been d iv id e d  i n t o  r a d i a t i v e  and 
n o n - r a d ia t i v e  p ro ce sse s .  Two r a d i a t i v e  processes can ta k e  p la c e ,  and 
th e s e  g iv e  r i s e  to  lum inescence  i n  a - S i :H .  One mechanism i s  when 
c a r r i e r s  a t  th e  band edges recombine d i r e c t l y .  The p ro ce ss  causes 
p h o ton s  w i t h  an energy comparab le  to  th e  band gap to  be e m i t t e d ,  
a l th o u g h  th e y  canno t o f  cou rse  have a g r e a te r  energy than  th e  
e x c i t i n g  ph o to n s .  T h is  p rocess  i s  most l i k e l y  to  o ccu r  a t  low  
te m p e ra tu re s  in  samples w i t h  a low d e n s i t y  o f  d e fe c t  s t a t e s .
R a d ia t i v e  re c o m b in a t io n  can take  p la c e  a t  low e r  e n e rg ie s ,  v ia  d e fe c t  
s t a t e s .  T h is  occu rs  a f t e r  c a r r i e r s  have become tra p p e d  in  d e fe c ts  
a f t e r  h a v in g  undergone t u n n e l l i n g  o r  t h e r m a l i s a t i o n .  T h is  w i l l  
o c c u r  i f  th e  d e fe c t  d e n s i t y  i s  s u f f i c i e n t l y  h ig h  and i s  more l i k e l y  t o  
ta k e  p la c e  a t  h ig h e r  te m p e ra tu re s  i f  c a r r i e r s  are t h e r m a l l y  e x c i t e d  
o u t  o f  b a n d - t a i l  t r a p s  t o  d e fe c t s .
N o n - r a d ia t i v e  re c o m b in a t io n  can a ls o  occu r  by more than  one 
p ro c e s s .  The m a jo r re c o m b in a t io n  mechanism a t  low te m p e ra tu re s  i s  
t u n n e l l i n g  t o  d e fe c t  c l u s t e r s .  The e le c t r o n s  trapped  i n  these  c lu s t e r s  
w i l l  th e n  recom bine w i t h  a t ra p p e d  h o le  a t  a l a t e r  s ta g e .  T h is  i s  
l i k e l y  t o  be th e  m a jo r  re c o m b in a t io n  i n  s p u t te re d  a - s i l i c o n  samples
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w hich  have a h ig h  d e f e c t  d e n s i t y .
A t h ig h e r  te m p e ra tu re s  t ra p p e d  c a r r i e r s  can recombine by a 
t h e r m a l l y  a c t i v a t e d  d i f f u s i o n  mechanism. These c a r r i e r s  can be
s u b s e q u e n t ly  t ra p p e d  i n  d e fe c t  s t a te s  and recombine by t u n n e l l i n g .
20 3 1A t h ig h  e x c i t a t i o n  (above 10 photons absorbed/cm s )
i n t e n s i t i e s  two o th e r  re c o m b in a t io n  mechanisms are  r e le v a n t .  These
a re  b o th  n o n - r a d ia t i v e  p ro c e sse s .  Luminescence da ta  ( S t r e e t  and
B ie g e ls e n  1982) shows a decrease  i n  lum inescence under p u lse d
i l l u m i n a t i o n  a t  h ig h  i n t e n s i t i e s .  T h is  cannot be e x p la in e d  by
gem ina te  o r  d i s t a n t  p a i r  models . The LESR s ig n a l  in c re a s e s  and
appears to  quench th e  lu m inescence . Th is  i s  th o u g h t  to  be due to
Auger re c o m b in a t io n .
Such a p rocess  ta k e s  p la c e  when th e  e x c i t e d  c a r r i e r  d e n s i t y  i s
18 —3s u f f i c i e n t l y  h ig h  ( g r e a t e r  than  2 x 10 cm -  S t r e e t  1981) f o r  non 
gem ina te  re c o m b in a t io n  t o  ta k e  p la c e ,  a t  h ig h  i l l u m i n a t i n g  i n t e n s i t i e s .  
Auger re c o m b in a t io n  i s  n o n - r a d ia t i v e  and in v o lv e s  th re e  p a r t i c l e s  in  
o v e r la p p in g  e le c t r o n  h o le  p a i r s .  Two p o s s ib le  mechanisms a re  
i l l u s t r a t e d  s y s t e m a t i c a l l y  i n  d iagram  3 .8 .  The r a te  o f  t h i s  
t r a n s i t i o n  i s  s u f f i c i e n t l y  l a r g e ,  a t  h ig h  i n t e n s i t i e s ,  to  dom ina te  
o ve r  r a d i a t i v e  t r a n s i t i o n s ,  thus  le a d in g  t o  a f a l l  i n  lum inescence .
The second p ro ce ss  e v id e n t  a t  h ig h  l e v e ls  o f  i l l u m i n a t i o n  i s  
re c o m b in a t io n  i n v o l v i n g  s u r fa c e  s t a t e s .  Evidence o f  such an e f f e c t  
i s  a v a i l a b le  (Shah e t  a l  1980) from expe r im en ts  u s in g  d i f f e r e n t  
w a ve leng ths  o f  l i g h t .  Luminescence decays were s tu d ie d  a t  a c o n s ta n t  
i l l u m i n a t i o n  i n t e n s i t y .  I t  was found t h a t  th e  decays in c re a s e d  in  
le n g th  w i t h  i n c r e a s in g  pho ton  e n e rg ie s  in c id e n t  on th e  sample o f  
a - S i :H .  T h is  c o u ld  be e x p la in e d  by c a r r i e r s  be ing  e x c i t e d  by a
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l a r g e r  energy  and d i f f u s i n g  f u r t h e r  a p a r t .  The in c re a s e d  s e p a r a t io n  
o f  th e  e le c t r o n  and h o le  r e s u l t s  i n  a lo n g e r  decay t im e  w hich decreases  
th e  decay r a te  i n  lum inescence . However ev idence  i s  a v a i la b le  to  
i n d i c a t e  t h a t  s u r fa c e  re c o m b in a t io n  o ccu r  i n  S i : H. E xper im en ts  
p e r fo rm e d  on samples o f  d i f f e r i n g  th ic k n e s s  show the  i n i t i a l  lum inescence 
decay i s  indepe nden t o f  t h ic k n e s s .  The e x c i t a t i o n  d e n s i t y  i s  a ls o  
u n a f fe c te d  by th ic k n e s s  so t h a t  th e  i n i t i a l  decay i s  no t a b u lk  p r o p e r t y .  
I t  i s  p ro b a b le  t h a t  s u r fa c e  re c o m b in a t io n  ta ke s  p la ce  in  d e fe c t  o r  
i m p u r i t y  s t a t e s  a t  th e  a - S i :H  s u r fa c e .
3.3 The Effect of Infra-Red Radiation on Optically Induced Changes
The p h o to e x c i te d  c a r r i e r s  which a re  t ra p p e d  i n  b a n d - t a i l  s t a t e s ,  
a t  low  te m p e ra tu re s ,  can recombine r a d i a t i v e l y  o r  n o n - r a d i a t i v e l y . 
Luminescence i s  observed as a r e s u l t  o f  th e  r a d i a t i v e  re c o m b in a t io n  
o f  t ra p p e d  c a r r i e r s  re c o m b in in g  w i t h  c a r r i e r s  t rapped  i n  th e  o th e r  
b a n d - t a i l .  N o n - r a d ia t i v e  re c o m b in a t io n  proceeds by c a r r i e r s  
t u n n e l l i n g  to  d e fe c t  s t a t e s  and re c o m b in in g .  These mechanisms a re  
i l l u s t r a t e d  i n  d iagram s 3 .6  and 3 .9 .
3 .3 ( a )  P h o to c o n d u c t i v i t y
P h o to c u r re n t  t r a n s ie n t s  have been s tu d ie d  by Fuhs (1 9 8 3 ) .  A
d u a l  beam e x p e r im e n t ,  where a -S i :H  f i l m s  can be i l l u m in a t e d  by bo th  
v i s i b l e  and IR r a d i a t i o n ,  was c a r r i e d  o u t .  I t  was found t h a t  th e  
p h o to c u r r e n t  t r a n s i e n t  changed when IR r a d i a t i o n  (hv < 0.7eV) was 
a p p l ie d  and removed from th e  a -S i :H  f i l m .  The change c o n s is te d  
o f  a s h o r t  enhancement fo l lo w e d  by quench ing  a t  130K. At 30K th e  
p h o to c u r r e n t  in c re a s e d  u n t i l  a s teady  va lu e  i s  reached. T h is  can 
be seen i n  d iagram  3 .7 .
The observed  IR quench ing  e f f e c t  i s  th o u g h t  t o  be due to
40
r e c o m b in a t io n  r a te s  be ing  in c re a s e d  by th e  e x c i t a t i o n  o f  t rapped  
c a r r i e r s  by th e  IR r a d i a t i o n .  I t  i s  p o s s ib le  to  e x p la in  the  r e s u l t s  
u s in g  th e  re c o m b in a t io n  mechanism i n  d iag ram  3 .6 .  C a r r ie r s  are 
g e n e ra te d  and a f t e r  t h e r m a l i z a t i o n  a re  t ra p p e d  in  band t a i l  s t a t e s .
These c a r r i e r s  a re  e i t h e r  r e - e m i t t e d  t o  recom bine r a d i a t i v e l y  o r  th ro u g h  
d e fe c t  s ta te s  due to  d a n g l in g  bonds. The band t a i l  e le c t r o n s  tu n n e l  
t o  n e u t r a l  d a n g l in g  bonds (D °) t o  fo rm  a D- s t a t e .  Recom bina tion  then  
proceeds by a t r a n s i t i o n  from th e  D s t a t e  t o  a h o le  t ra p p e d  in  th e  
v a le n c e  band t a i l .  I f  the  m o b i l i t y  o f  t ra p p e d  h o le s  i s  in c re a s e d  
th e n  th e  re c o m b in a t io n  ra te  can be in c re a s e d .
In  doped f i l m s ,  enhancement o f  th e  p h o to c u r re n t  i s  observed in  
b o th  n and p - ty p e  f i l m s  under 30K. A t 50K quench ing  i s  found i n  n -  
ty p e  f i l m s ,  bu t  quench ing i s  no t  seen u n t i l  130K in  p - ty p e  f i lm s .
The quench ing  e f f e c t  van ishes  ( a t  130K i n  n - ty p e  and 230K in  p - t y p e )  
a t  h ig h e r  te m p e ra tu re s  as a r e s u l t  o f  th e  th e rm a l c l e a r i n g  o f  
t ra p p e d  c a r r i e r s  com peting  w i th  th e  IR e f f e c t .  A t r a p  depth o f  
0.11eV f o r  e le c t r o n s  in  n - ty p e  m a t e r ia l  and 0.27eV f o r  h o les  in  
p - t y p e  f i lm s  can be o b ta in e d  from th e se  te m p e ra tu re s .
The te m p e ra tu re  dependence o f  th e  quench ing  e f f e c t  i n  n - ty p e  
f i l m s  v a n is h in g  a t  150K i s  e a s i l y  e x p la in e d  by th e  f o l l o w in g  id e a .
T raps a re  c le a re d  by e x c i t i n g  th e  t ra p p e d  c a r r i e r s  by s u p p ly in g  
th e rm a l  ene rgy . The f a c t  t h a t  quench ing  i s  observed in  p - ty p e  f i l m s  
a t  te m p e ra tu re s  up to  250K i s  i n c o n s i s t e n t  w i t h  a t r a p  depth o f  
0.11eV o r  0 .27eV. The spectra l dependence o f  p h o to c u r re n t  quench ing 
b e g in s  a t  0.5eV o r  0 .6eV . T h is  im p l ie s  t h a t  t r a n s i t i o n s  from D 
s t a t e s ,  r a t h e r  than  s h a l lo w  t r a p s ,  a re  e x c i t e d  by IR r a d i a t i o n .  In  
p - t y p e  samples t h i s  leads  to  an in c re a s e  i n  th e  number o f  D° s ta te s
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T h is  w i l l  encourage more e le c t r o n s  t o  tu n n e l  from b a n d - t a i l  s t a te s  to  
D° s t a t e s  th e r e fo r e  th e  re c o m b in a t io n  r a te  w i l l  in c re a s e .
In  n - ty p e  f i l m s  e le c t r o n s  a re  e x c i t e d  from D-  s t a te s  when the  
IR i s  a p p l ie d .  T h is  would e x p la in  th e  observed i n i t i a l  enhancement. 
The t u n n e l l i n g  r a t e  i s  s t r o n g l y  dependent on th e  c o n c e n t ra t io n  o f  D° 
s t a t e s .  An in c re a s e  i n  t h e i r  number c a r r i e s  th e  re c o m b in a t io n  r a te  
t o  in c r e a s e .  T h is  would accoun t f o r  th e  subsequent decrease i n  the  
p h o to c u r r e n t  seen a s h o r t  t im e  a f t e r  th e  a p p l i c a t i o n  o f  IR r a d i a t i o n  
t o  th e  sample.
F u r th e r  ev idence  to  s u p p o r t  th e  id e a  o f  IR quench ing  be ing  due to  
th e  mechanisms d e s c r ib e d  come from  s p in  dependent p h o to c o n d u c t i v i t y  
r e s u l t .  These show t h a t  th e  t u n n e l l i n g  p rocess  o f  b a n d - t a i l  e le c t r o n  
to  D° s t a t e s  i s  im p o r ta n t .  Here i t  i s  suggested (Dersch e t  a l  1983) 
t h a t  th e  d i r e c t  c a p tu re  o f  e le c t r o n s  a t  D° s ta te s  competes w i th  the  
t u n n e l l i n g  p rocess  as te m p e ra tu re  in c re a s e s .  T h is  occu rs  a t  a 
h ig h e r  te m p e ra tu re  i n  p - t y p e  th a n  i s  n - ty p e  samples because th e re  are 
fewer f r e e  and few er t ra p p e d  e le c t r o n s  in  p - ty p e  f i l m s .  I t  i s  l i k e l y  
t h a t  th e  decrease o f  th e  IR quench ing  e f f e c t  w i t h  in c r e a s in g  
te m p e ra tu re  i s  due t o  th e  same p rocess  and no t as a r e s u l t  o f  o p t i c a l  
e x c i t a t i o n  d i r e c t l y  com peting  w i t h  th e rm a l e x c i t a t i o n .
IR quench ing  ceases to  be seen when th e  d i r e c t  c a p tu re  o f  
e le c t r o n s  a t  D' s t a t e s  becomes s i g n i f i c a n t .  Thermal quench ing  i s  
caused by th e  d i r e c t  c a p tu re  o f  t h e r m a l l y  a c t i v a te d  h o le s  a t  D o r  D° 
s t a t e s .
3 .3 ( b )  P hoto lum inescence
Quenching o f  th e  p ho to lu m in escence  (PL) e f f e c t  by IR r a d i a t i o n  
i n  a -S i :H  has been observed below 100K. I t  has been seen i n  bo th  doped
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and undoped m a t e r i a l s ,  a l th o u g h  th e  quench ing  e f f e c t  i s  l a r g e r  i n  
p - t y p e  f i l m s  (Fuhs 1985).
A graph o f  lum inescence  i n t e n s i t y  p l o t t e d  a g a in s t  energy s h i f t s
t o  a lo w e r  energy  and ceases to  be a sym m etr ic  shape when bo th  v i s i b l e  
( l . 9 2 e V  and hv < 0 .7eV ) and IR r a d i a t i o n  a re  a p p l ie d .  Diagram 3 .13  
i l l u s t r a t e s  t h i s  and i t  can a ls o  be seen t h a t  the  quench ing  e f f e c t  
i s  s m a l le r  a t  lo w e r  pho ton  e n e rg ie s .
A s i m i l a r  e f f e c t  can be o b ta in e d  by a p p ly in g  a h ig h  e l e c t r i c  
f i e l d  up t o  th e  f i l m s  o r  by h e a t in g ,  w h ich  s u p p l ie s  th e rm a l energy .
The th e rm a l  e f f e c t  i s  due to  e le c t r o n s  b e ing  a c t i v a te d  from 
b a n d - t a i l  s t a t e s .  The dem a rca t io n  l e v e l  i s  moved t o  a low er 
energy  as e le c t r o n s  tu n n e l  to  D° s t a t e s  r e s u l t i n g  i n  n o n - r a d ia t i v e  
r e c o m b in a t io n .  I n c r e a s in g  d i f f u s i o n  o f  c a r r i e r s  due to  h ig h e r  
te m p e ra tu re s  i n  th e  h ig h e r  b a n d - t a i l  s t a t e s  c ou ld  a ls o  cause the  
same s h i f t  i n  th e  s p e c t r a l  dependence.
The IR quench ing  mechanism w i l l  work i n  a s i m i l a r  way, le a d in g  
t o  th e  observed  change i n  the  s p e c t r a l  dependence o f  th e  lum inescence 
i n t e n s i t y .
As th e  w a ve leng th  o f  th e  IR r a d i a t i o n  i s  reduced a c u t - o f f  a t  
2.5ym i s  found i n  th e  PL quench ing . T h is  i s  s i m i l a r  t o  the  c u t - o f f  
seen i n  p h o to c o n d u c t i v i t y  quench ing and i s  p ro b a b ly  due to  th e  same 
p ro ce ss e s .  Trapped h o le s  a re  e x c i t e d  and t r a n s f e r r e d  to  d e fe c ts  thus  
in c r e a s in g  n o n - r a d ia t i v e  re c o m b in a t io n .
I f  p h o to e x c i te d  h o le s  (Varm oz is  e t  a l  1984; a re  t ra p p e d  a t  ~0.5eV 
above th e  edge o f  th e  va lence  band then  th e y  w i l l  be s t r o n g ly  l o c a l i z e d  
and have low  re c o m b in a t io n  r a t e s .  These h o le s  can move to  s h a l lo w  
t r a p s  i f  th e y  a re  e x c i t e d  by IR r a d i a t i o n .  Here th e y  a re  le s s
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l o c a l i z e d  and e le c t r o n s  can recom bine w i th  them d i r e c t l y .  T h is  le a d s  
t o  an enhanced lum inescence i n t e n s i t y .  W i th in  a few m i l l i s e c o n d s  
more D° s t a r t s  w i l l  be produced by t u n n e l l i n g  f u n c t io n s .  Non- 
r a d i a t i v e  re c o m b in a t io n  w i l l  th u s  be speeded-up to  a l lo w  d e lo c a l iz e d  
e le c t r o n - h o le  p a i r s  to  i n t e r a c t  w i t h  d a n g l in g  bonds. Such a 
t r a n s i e n t  has been observed by Fuhs (1 9 8 3 ) .
3 . 3 ( c )  The E f f e c t  o f  IR on LESR Measurements
The re c o m b in a t io n  o f  n o n - e q u i l ib r iu m  c a r r i e r s  t ra p p e d  a f t e r  
i l l u m i n a t i o n  o f  a -S i :H  a t  low te m p e ra tu re  have been s tu d ie d  u s in g  
LESR. In  e xp e r im e n ts  by C a r iu s  and Fuhs (C a r iu s  and Fuhs 1985, Fuhs 
1985) IR r a d i a t i o n  was a p p l ie d  to  th e  sample a s h o r t  t im e  a f t e r  the  
v i s i b l e  i l l u m i n a t i o n  was removed. The s low  decay can be seen 
(d ia g ra m  3 .1 1 )  to  be quenched by IR i l l u m i n a t i o n .  The p h o to c o n d u c t iv i t y  
and pho to lu m in escence  e x h i b i t  a t r a n s i e n t  response (see d iagram 
3 .1 1 )  f i r s t  in c re a s in g  in  m agnitude and then  decay ing .
As i n  p h o to c o n d u c t i v i t y  and pho to lum inescence  measurements 
th e  LESR s ig n a l  decreases under IR i l l u m i n a t i o n  because o f  t ra p p e d  
c a r r i e r s  b e in g  e x c i te d  i n t o  h ig h e r  s ta te s  and then recom b in ing  i n  a 
s i m i l a r  manner.
Under i l l u m i n a t i o n  e le c t r o n s  a re  e x c i t e d  to  d a n g l in g  bond s t a te s ,  
c r e a t i n g  D° and D~ s ta t e s .  The r a t e  o f  t h i s  t r a n s i t i o n  i s  governed by 
th e  t im e  taken  f o r  the  t u n n e l l i n g  o f  band t a i l  ho les  to  D° and D 
s t a t e s .
IR e x c i t a t i o n  quenches th e  LESR s ig n a l  due to  h o les  more s t r o n g ly  
th a n  t h a t  due to  th e  e le c t r o n - d a n g l in g  bond s ig n a l  i n  p - ty p e  m a t e r ia l .  
These samples have a h ig h  d e n s i t y  o f  t ra p p e d  ho les  thus  showing a 
l a r g e r  LESR s ig n a l  compared w i th  th e  s ig n a l  due to  d a n g l in g  bonds
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c o n t a in in g  t ra p p e d  e le c t r o n s .  In  o rd e r  f o r  charge n e u t r a l i t y  t o  be 
m a in ta in e d  a d d i t i o n a l  n e g a t iv e  charge  i s  needed in  th e  c o n d u c t io n  
band t a i l  and in  th e  D-  s t a t e s .
The decay mechanisms can be s tu d ie d  by v a ry in g  th e  t im e  a t  which 
th e  IR beam i s  a p p l ie d  a f t e r  th e  rem ova l o f  v i s i b l e  i l l u m i n a t i o n .  By 
p l o t t i n g  th e  lo g a r i t h m ic  d e r i v a t i v e  o f  th e  peak va lue  a g a in s t  lo g  
( t im e )  i t  i s  p o s s ib le  to  o b ta in  more in fo r m a t io n  from th e  LESR, PL 
and PC decays. The th re e  measurements show a s i m i l a r  form  o f  decay 
(see  d iagram s 3 .11a and ( 3 .1 2 )  and i t  can be observed t h a t  decay 
t im e s  o f  th e  LESR s ig n a l  a re  lo n g e r  i n  p - ty p e  than  i n  n - ty p e  m a t e r ia l .
The PC t r a n s i e n t  decays a re  indepe nden t o f  sa m p le - type  and f a l l  on the  
same l i n e  as the  low e r  LESR v a lu e s  f o r  p - ty p e  m a t e r ia l .  The PL da ta  
i s  c lo s e  to  the  LESR v a lu e s  f o r  n - t y p e  samples.
A w ide range o f  t u n n e l l i n g  d is ta n c e s  would i n d ic a t e  t h a t  the  
l i f e t i m e s  o f  t ra p p e d  c a r r i e r s  i s  a ls o  w id e ly  d i s t r i b u t e d .  T h is  g iv e s  
r i s e  t o  th e  observed form o f  th e  decay. A c a l c u l a t i o n  pe rfo rm ed  by 
B iege lsen e t  a l  (1983) and B o u l i t r o p  (1984) assumes a r e c ta n g u la r  
d i s t r i b u t i o n  o f  t u n n e l l i n g  d is ta n c e s .  Some l i n e s  have been f i t t e d  to  
d a ta  taken  by Fuhs (1 9 8 3 ) .  These a re  shown in  d iagram 3 .12  and can 
be seen t o  be a reasonab le  f i t .  I t  has a ls o  been assumed t h a t  t u n n e l l i n g  
ta k e s  p la c e  between a t ra p p e d  c a r r i e r  and a d a n g l in g  bond s t a t e .
The r a d i i  o f  the  band t a i l  e le c t r o n s  and h o le s  are c a lc u la t e d  to  be
o o
10A and 8A r e s p e c t i v e ly .
As te m p e ra tu re  i s  in c re a s e d  i t  i s  found t h a t  the  lo n g  decay i s  
indep e n d e n t  o f  tem p e ra tu re  up to  63K. As te m pe ra tu re  in c re a s e s  above 
80K th e  decay i s  much f a s t e r .  T h is  can be e x p la in e d  by c o n s id e r in g  
t h a t  re c o m b in a t io n  proceeds by t u n n e l l i n g  a t  low  te m p e ra tu re s .  At
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h ig h e r  te m p e ra tu re s  th e rm a l  energy g iv e s  e le c t r o n s  and h o le s  
g r e a te r  m o b i l i t y  and a l lo w s  them to  d i f f u s e  t o  d e fe c t  s t a t e s .
3.4 Optically Induced AC Loss
At low te m p e ra tu re s ,  Long and H o l la n d  (1985y d is c o v e re d  th a t  i f  
a - S i  o r  a - S i :H ,  p re p a re d  by RF s p u t t e r i n g ,  i s  i l l u m in a t e d  by v i s i b l e  
l i g h t  a change i n  c a p a c i ta n c e  and conductance  i s  obse rved . Both C 
and G show a f a s t  r i s e  t o  an e q u i l i b r i u m  v a lu e  under i l l u m i n a t i o n .
As th e  i n t e n s i t y  in c r e a s e s ,  th e  magnitude o f  th e  response in c re a s e s .
i
High and low i n t e n s i t y  reg im es were i d e n t i f i e d  as Ae,j ol I 2 a t  low I
i
and a I 4 a t  h ig h  I  (see Chapters 6 and 7 ) .
When th e  l i g h t  was removed an i n i t i a l  f a s t  decay, fo l lo w e d  by a 
s low  decay l a s t i n g  many hou rs  was found . A r a te  e q u a t io n  model was 
proposed to  e x p la in  th e  e f f e c t s  observed i n  s p u t te r e d  m a te r ia l  and 
i s  s u c c e s s fu l  i n  e x p la in in g  the  low i n t e n s i t y  reg ime and the  
p r o p o r t i o n a l i t y  t o  1 / t  found a t  in te r m e d ia te  t im es  i n  th e  decay.
H o l la n d  (Ph.D t h e s is  1987) found t h a t  th e  m agnitude o f  the  
o p t i c a l l y  induced  response was dependent upon sample m a t e r ia l .  The 
l a r g e s t  AC va lu e s  were observed in  pure a - S i  (b o th  magnetron and 
c o n v e n t i a l l y  s p u t te r e d  m a te r ia ls  showed a s i m i l a r  s i t e  o f  change 
i n  c a p a c i ta n c e )  and i n  a-Ge. Hydrogenated m a te r ia l  p roved  to  have a 
lo w e r  response , a t  h ig h  i n t e n s i t i e s ,  wh ich in c re a s e d  w i th  d e c re a s in g  
hydrogen c o n te n t .  T h is  i s  a t t r i b u t e d  to  th e  number o f  d e fe c t  s ta te s  
p re s e n t  i n  th e  band gap. I f  hydrogen i s  in t ro d u c e d  d u r in g  sample 
p r e p a r a t io n  i t  has th e  e f f e c t  o f  s a t u r a t i n g  d a n g l in g  bonds and le a d in g  
t o  a low er d e fe c t  d e n s i t y .  Under i l l u m i n a t i o n  these  s ta te s  t r a p  
c a r r i e r s  and c o n t r i b u t e  t o  th e  ac lo s s .
i
A t low  i n t e n s i t i e s  i n  th e  I 2 re g io n  H o l la n d  observed  t h a t  the  
o p t i c a l l y  induced  change was h ig h e r  i n  samples c o n ta in in g  hydrogen
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th a n  i n  pu re  a - S i  samples. Such b e h a v io u r  i s  e x p la in e d  by c o n s id e r in g  
t h a t  e le c t r o n s  a re  s t r o n g ly  s e l f - t r a p p e d  i n  t h i s  r e g io n  (see
i
C hap te rs  6 and 7 where I 2 re g io n  i s  d e s c r ib e d  i n  d e t a i l ) .  Evidence 
i s  a v a i l a b le  (H o l la n d  Ph.D. t h e s is  1987) t o  suggest t h a t  in c r e a s in g  
th e  hydrogen c o n te n t  in c re a s e s  the  energy  s c a le  o f  th e  s e l f  t r a p p in g .  
As s t a te s  f u r t h e r  from th e  F e r m i - le v e l  a re  f i l l e d  by in c r e a s in g  th e  
i l l u m i n a t i n g  i n t e n s i t y ,  and g e n e ra t in g  more c a r r i e r s ,  t r a n s i t i o n  to
i
th e  I *  r e g io n  i s  observed . In  h e a v i l y  hydrogena ted  sample t h i s  
t r a n s i t i o n  w i l l  o ccu r  a t  a low e r i n t e n s i t y  than  than  i s  found in  
pu re  a -S i  sam ples. T h is  i s  due to  th e re  b e in g  fewer m id-gap s ta te s  
because o f  th e  h y d ro g e n -s a tu ra te d  d a n g l in g  bonds. These s ta te s  w i l l  
t h e r e f o r e  be f i l l e d  more q u ic k l y  i n  hyd rogen a ted  m a t e r ia l .
The o p t i c a l l y  induced ac lo s s  i n  a - S i  and a -S i :H  (p re p a re d  by 
s p u t t e r i n g  and g low d is c h a rg e )  i s  ana lysed  i n  d e t a i l  i n  C hapter 7.
3.5 Summary
The t h e s is  g e n e r a l l y  d e s c r ib e s  measurements c a r r i e d  ou t below 
100K i n  amorphous m a te r ia l s .  In  a -S i :H  and a - S i  a d i v i s i o n  in  the  
c o n d u c t io n  mechanism i s  found (see C hap te rs  5 ,6  and 7 ) .  Many l i g h t -  
induced  p r o p e r t i e s  have been d iscussed  i n  t h i s  c h a p te r ,  n o te a b ly  
p h o to lu m in e s ce n ce ,  t r a n s ie n t  p h o t o c o n d u c t i v i t y ,  d r i f t  m o b i l i t y  and 
LESR. The S ta e b le r -W ro n s k i  e f f e c t  i s  le s s  r e le v a n t  s in c e  h ig h  
l i g h t  i n t e n s i t i e s  a re  used to  produce s t r u c t u r a l  changes le a d in g  to  
m e ta s ta b le  s t a t e s  b e in g  formed. These a re  o n ly  r e v e r s ib le  by 
a n n e a l l in g  samples a t  te m pe ra tu res  o f  around 150°C).
The low te m p e ra tu re  re g io n  ( i . e .  be low -100K) i s  c h a r a c te r is e d  
by a s t r o n g  lum inescence  s ig n a l ,  a low c o n s ta n t  p h o to c o n d u c t i v i t y  and
a lo n g  l i v e d  LESR s i g n a l .  These e f f e c t s  have been shown t o  be 
in f l u e n c e d  by IR q u e nch ing . The s tu d y  o f  such e f f e c t s  p ro v id e  
i n f o r m a t io n  on bo th  c o n d u c t io n  and re c o m b in a t io n  mechanisms w h ich  
have been d is cu ss e d  i n  th e  p re c e e d in g  c h a p te r .
The AC lo s s  te c h n iq u e  used by Long and H o l la n d  (1985) i s  a 
u s e f u l  method o f  d e te c t in g  c a r r i e r s  t ra p p e d  in  d e fe c t  s t a t e s .  I t  i s  
known t h a t  c a r r i e r s  a re  t ra p p e d  i n  band t a i l  s t a te s  i n  a - S i :H  and the  
purpose  o f  t h i s  t h e s is  was to  f i n d  o u t  i f  these  c a r r i e r s  can be 
d e te c te d  u s in g  th e  ac lo s s  te c h n iq u e  and then  to  o b ta in  in f o r m a t io n  
on th e  p r o p e r t i e s  o f  a - S i :H .  These a re  d iscussed  i n  d e t a i l  i n  








(a) (b) ( 0
Diagram 3.1
P o s s ib le  r a d i a t i v e  re c o m b in a t io n  channe ls  w h ich  g iv e  r i s e  to  
a lu m in e s c e n t  energy  much le s s  than  th e  e x c i t a t i o n  e ne rgy : (a )  and
(b )  assume no e le c t ro n -p h o n o n  c o u p l in g  and ( c )  assumes s t ro n g  e le c t r o n -  





T h e  fjfiT p rod uc t d e te rm in ed  from  steady -s ta te  p h o to c o n d u c tiv ity  m easurem ents on u n d o p ed  a- 
Si p lo tted  as a fu n ctio n  o f l O t T  C u rv e  H : results o f H ohe ise l et al. (1984 ) using c o p la n a r  
electrodes: curves t IH 3 ) :  present results on ju n c t io n  and  S c h o ttk y  b a rrie r  specim ens. 
Inset: (u) c o p la n a r electrodes; r a is the life tim e  w ith in  the a b s o rp tio n  d e p th  a. I b)
sandw ich electrodes: r v, vo lu m e life tim e  in i reg ion . C u rv e  ( 1 )  . p ‘ - i - n  ‘ (1 84 um l;
c u rv e (2 )   C r  i n ‘ (0-7 « m ! a n d  curve  i } )  p~ i - n ' l l - 3 u m i .

















Temperature dependence of the luminescence in­
tensity in the range 0—80 K for various incident excitation 
powers and wavelengths as shown. The data are normalized 
such that the m aximum intensity is 10 units of the vertical 
scale, and the different curves have offset zeros. The il­
lumination spot diameter is 2 mm.
Diagram 3 .3
( S t r e e t  1981).
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Diagram 3 . 4
(A) LESR decay in a-Si:H at different illumination intensities. 
Steady state conditions were attained before removal of the 
pulse.
(B) Dependence of the equilibrium valves reached, in an LESR 
experiment, plotted against the incident light intensity 


















Z -  0.07
0.01 -
DECAY TIME (sac)
Diagram 3 . 5
(A) Model d i s t r i b u t i o n  o f  th e  p a i r  s e p a r a t io n  o f  ge m ina te  e l e c t r o n -  
h o le  p a i r s .
(B) The re m a in in g  d i s t r i b u t i o n  j u s t  b e fo re  th e  2nd, 4 th  and 11th 
p u ls e .
( S t r e e t  and B ie g e lse n  1982)
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Diagram 3 .6
Dersch e t  a l  (1983) -  re c o m b in a t io n  mechanism. See t e x t  f o r  
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Diagram 3.7
T r a n s ie n t  b e h a v io u r  o f  th e  p h o t o c o n d u c t i v i t y  and th e  





Schematic  d iagram  to  i l l u s t r a t e  two p o s s ib le  Auger re c o m b in a t io n  
p rocesses  f o r  two n e ig h b o u r in g  e le c t r o n - h o le  p a i r s .  The o v a ls  
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Diagram showing th e  r a d i a t i v e  and n o n - r a d ia t i v e  recom b ina t 
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Time (sec) Diagram 3.10
'T Dependence of photocurrent on time at dif­
ferent temperatures. The inset shows T0 as a function of 
energy away from the conduction-band edge as obtained 
from the transient and steady-state photoconductivity 
data.







T r a n s ie n ts  o f  (a )  LESR, (b )  P h o to c u r re n t  and (c )  pho to lum inescence  
a t  15K. The p l o t s  a re  exposed t o  an IR beam ( o f  energy < 0 .7 e V ) .
The same l i g h t  i n t e n s i t i e s  a re  used i n  (b )  and ( c ) ,  bu t  t h a t  i n  (a )  




The LESR decays f o r  n and p ty p e  a -S i :H  a t  30K. The f u l l  l i n e s  









In  o rd e r  t o  s tu d y  the  o p t i c a l  p r o p e r t i e s  o f  amorphous s i l i c o n  
i t  was necessa ry  t o  p repa re  samples in  t h i n  f i l m  fo rm . In  t h i s  c hap te r  
sample geom etry ( s e c t io n  4 . 1 ) ,  p re p a r a t io n  d e t a i l s  ( 4 .2  and 4 . 3 ) ,  and 
methods o f  c o o l in g  to  low te m p e ra tu re s  ( s e c t io n  4 .4  to  4 .5 )  a re  d iscussed . 
Sample m oun ting  p rocedu res  ( 4 .7 )  and d e t a i l s  o f  the  o p t i c a l  te c h n iq u e s  
( 4 .9  t o  4 .1 1 )  a re  d e a l t  w i t h ,  as w e l l  as te m p e ra tu re  c o n t r o l  ( 4 .8 )  and 
th e  te c h n iq u e s  used f o r  measurements (4 .1 2  to  4 .1 4 )  a re  d e s c r ib e d  in  
d e t a i l .
4.1 Sample Geometry
The t h i n  f i l m  amorphous s i l i c o n  samples s tu d ie d  u s in g  th e  ac b r id g e
te c h n iq u e  were p repa red  i n  sandwich fo rm . T h is  in v o lv e s  th e  s e q u e n t ia l
d e p o s i t io n  o f  a bo ttom  e le c t r o d e ,  on a g la s s  s u b s t r a te ,  f o l lo w e d  by the
a - S i  f i l m .  F i n a l l y ,  a top  e le c t r o d e  i s  d e p o s i te d  on th e  a - S i .
C op lana r e le c t r o d e  c o n f ig u r a t io n s  (see d iagram s 4 .1a  and b) a re  le s s
s u i t a b l e  f o r  measurement w i th  an ac b r id g e  due to  t h e i r  lo w e r  conductance .
M oreover c a p a c i ta n c e  measurements are a f f e c te d  by edge e f f e c t s  to  a
g r e a te r  degree than  w i th  sandwich samples.
C on tac t  e f f e c t s ,  due to  th e  m e ta l-s e m ic o n d u c to r  i n t e r f a c e ,  are the
m a jo r  prob lem  w i th  sandwich samples. I t  i s  u n l i k e l y  t h a t  th e  e le c t r o n i c
p r o p e r t i e s  o f  a -S i  a re  de te rm ined  by charge c a r r i e r s  a t  th e  m e ta l - S i
i n t e r f a c e  because o f  the  h ig h  d e n s i t y  o f  s t a te s  in  th e  ene rgy -ga p
(see s e c t io n  5 .9  f o r  d e t a i l s  o f  c o n ta c t  d i f f u s i o n  and how th e  da ta
i s  a f f e c t e d ) .  T h is  i s  e v id e n t  from th e  ac and dc conduc tances  be ing
indepe nden t o f  sample th ic k n e s s .  For example, i n  a - S i  sample MA4 the
-9  -1ac conductance a t  a 2kHz m easuring frequency  i s  1.25 x 10 x Scm f o r  e i t h e r
th e  t h i c k  o r  t h i n  j u n c t i o n  a t  10K.
The fo rm a t io n  o f  any b a r r i e r  a t  th e  in t e r f a c e  i s  n e g l i g i b l y
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s m a l l  s in c e  th e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  are sy m m e tr ic a l  a t  
th e  m easur ing  v o l ta g e s  used. I t  i s  t h e r e f o r e  conc luded  t h a t  th e  
e l e c t r o n i c  p r o p e r t i e s  measured a re  d e te rm in e d  by the  b u lk  o f  th e  a - S i .
4 .2  Sample P re p a r a t io n
Samples were p repa red  u s in g  th re e  te c h n iq u e s  which a re  d e s c r ib e d  
be low  and p a r t i c u l a r  d e t a i l s  o f  each ty p e  o f  sample w i l l  be d iscu sse d  
i n  s e c t io n  4 .3 .
4 .2 ( a )  Thermal E v a p o ra t io n
T h is  method r e l i e s  on m a te r ia l  b e in g  b ro u g h t  to  i t s  m e l t in g  
p o in t  and v a p o r is e d .  T h is  p rocess  i s  c a r r i e d  ou t  i n  a vacuum chamber 
( u s u a l l y  a g la s s  b e l l - j a r )  which has been pumped to  around 10 ^ T o rr  
by a d i f f u s i o n  pump. H ea t in g  energy i s  s u p p l ie d  by pass ing  a h ig h  dc 
c u r r e n t  th ro u g h  a tu n g s te n  w ire  o r  molybdenum boat on which the  
m a t e r ia l  t o  be eva p o ra te d  i s  p la c e d .  I t  i s  a ls o  p o s s ib le  t o  v a p o r is e  
m a t e r ia l  by h e a t in g  u s in g  e le c tro n -b e a m  bombardment from an e le c t r o n  
gun w i t h i n  th e  chamber. The . i s  clamped to  a
h o ld e r  whose te m p e ra tu re  can be v a r ie d  by means o f  a h e a te r .
In  o rd e r  t o  overcome the  problem o f  inhomogeneous d e p o s i t io n  o f  
m a t e r ia l  " f l a s h  e v a p o ra t io n "  can be used. T h is  in v o lv e s  d ro p p in g  powder
o n to  a heated  r ib b o n  to  v a p o r iz e  i t  i n s t a n t l y .
The p r o p e r t i e s  o f  evapo ra ted  f i lm s  a re  dependent on a number o f  
f a c t o r s .  These a re
1. S u b s t ra te  te m p e ra tu re
2. S u b s t ra te -s o u rc e  s e p a ra t io n  d is ta n c e  and o r i e n t a t i o n .
3. Base gas p re s s u re  i n  th e  vacuum chamber -  u s u a l ly  kep t as low as 
p o s s ib le  t o  e l im in a t e  im p u r i t i e s .
4 .  I m p u r i t i e s  from  th e  e v a p o ra t io n  b o a t  and from gases re le a s e d  from
s u r fa c e s  w i t h i n  th e  chamber.
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5. F i la m e n t  o r  boa t te m p e ra tu re  ( th e  f i l a m e n t  c u r r e n t  can be m o n ito re d  
on an ammeter d u r in g  e v a p o r a t io n .
E v a p o ra t io n  was u s e f u l  f o r  p r e p a r in g  As25e^ sam ples. Thermal 
e v a p o ra t io n  i s  o n ly  s u i t a b l e  f o r  p re p a r in g  a -S i  under u l t r a - h i g h  
vacuum c o n d i t io n s  due t o  th e  a - S i ' s  a b i l i t y  to  g a th e r  oxygen s t r o n g l y .
4 . 2 ( b )  R.F. S p u t te r in g
The s p u t t e r i n g  p ro ce ss  i s  c a r r i e d  o u t  w i t h in  a chamber wh ich can 
be pumped to  low p re s s u re s  (~10 ^To rr)  u s in g  a d i f f u s i o n  pump. Low 
p re s s u re  gas ( e i t h e r  a rgon  o r  a h yd rogen -a rgon  m ix tu re  a t  a p re ssu re  
o f  around 5 in T o r r ) i s  a l lo w e d  i n t o  th e  chamber.
A r a d io - f r e q u e n c y  (RF) v o l ta g e  o f  13.56 MHz i s  a p p l ie d  between 
two e le c t r o d e s ,  w i t h i n  t h e  chamber, t o  c r e a te  a plasma. The low er 
e le c t r o d e  ( t h i s  s e t - u p  i s  used in  th e  Glasgow system shown in  d iagram 
4 . 3 ,  b u t  th e  e le c t r o d e s  can be re v e rs e d )  i s  made from th e  m a te r ia l  
t o  be s p u t te r e d  ( t a r g e t )  and th e  upper e le c t r o d e  i s  m e t a l l i c  and 
g e n e r a l l y  e a r th e d .  The s u b s t r a te  (a g la s s  s l i d e )  i s  a t ta c h e d  t o  t h i s  
e le c t r o d e  and i t s  te m p e ra tu re  can be v a r ie d  by a h e a te r .
An RF v o l ta g e  i s  a p p l ie d  between th e  t a r g e t  and s u b s t r a te  
D u r in g  p o s i t i v e  h a l f  c y c le s ,  e le c t r o n s  a re  a t t r a c t e d  to  th e  s u b s t r a te  
and d u r in g  each n e g a t iv e  h a l f  c y c le  io n s  a re  a t t r a c t e d  to  th e  t a r g e t .  
The e l e c t r o n s '  h ig h e r  m o b i l i t y  ensures  t h a t  a g r e a te r  number reach 
th e  t a r g e t  than  th e re  a re  o f  io n s  re a c h in g  th e  s u b s t ra te  e le c t r o d e .
T h is  r e s u l t s  i n  a b u i l d - u p  o f  n e g a t iv e  b ia s  on the t a r g e t .  T h is  
n e g a t iv e  v o l ta g e  now causes a plasma shea th  o f  around 5 -1 0mm in  
t h ic k n e s s  to  be formed ac ro s s  th e  s u r fa c e  o f  the  t a r g e t .  The dc 
v o l ta g e  i s  now dropped a c ro ss  t h i s  plasma sheath  caus ing  io n s  t o  be 
a c c e le r a te d  ac ross  i t .  These io n s  bombard th e  s u r fa c e  o f  th e  t a r g e t  
and m a te r ia l  i s  e je c te d  from  th e  s i l i c o n .  The e je c te d  m a te r ia l  i s
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th e n  c a r r i e d  t o  th e  s u b s t r a t e  r e s u l t i n g  in  a t h i n  f i l m  o f  a -S i  to
be b u i l t - u p .  T y p ic a l  c u r r e n t  d e n s i t i e s  a re  o f  the  o rd e r  o f  
_2
~1nAcm . I f  the  t a r g e t  i s  re p la c e d  by a permanent magnet (magnetron 
s p u t t e r i n g )  th e  c u r r e n t  d e n s i t y  i s  in c re a se d  ( t o  around 40 mAcm ) 
and th e  d e p o s i t io n  r a t e  i s  g r e a te r .  (See E l l i o t t  1^8^
V a r ia b le s  a f f e c t i n g  th e  r e p r o d u c t i b i l i t y  o f  f i l m s  and d e p o s i t io n  
r a t e s  a re :
1. S p u t te r in g  gas p re s s u re  and f lo w  r a t e .
2. R a t io  o f  hydrogen to  a rgon in  s p u t t e r in g  gas.
3. RF power a p p l ie d  to  th e  t a r g e t .
4 . B ia s  v o l ta g e  o f  t a r g e t  o r  s u b s t r a te .
5. S u b s t r a t e - t a r g e t  s e p a r a t io n .
6 . Presence o f  permanent magnet around the  t a r g e t .
4 . 2 ( c )  Glow D isch a rg e  D ecom pos it ion
As in  the  s p u t t e r i n g  p ro c e s s ,  a plasma i s  formed between two
e le c t r o d e s  ( c a p a c i t i v e  c o u p l in g )  i n  a chamber c o n ta in in g  low p ressu re  
s i l a n e  (S iH ^ ) .  RF power ( o f  around 14 MHz and 1 -1 0W power) i s  
a p p l ie d  between th e  e le c t r o d e s  (w h ich  may a ls o  be i n d u c t i v e l y  c o u p le d ) .  
Chemical d e c o m p o s i t io n  o f  th e  SiH^ gas (some e x t r a  hydrogen can be 
added) t o  s m a l le r  m o le cu le s  then  o c c u rs ,  le a d in g  to  th e  d e p o s i t io n  o f  
a - S i :H  on a g la s s  s u b s t r a te  (w h ich  may be h e a te d ) .  By in t r o d u c in g  
gases such as PH^ and B^H^ i n t o  th e  chamber, a long  w i th  th e  SiH^ n 
o r  p - ty p e  dop ing  can be a ch ie ve d .  Dopant atoms are  in c o rp o ra te d  in t o  
th e  s t r u c t u r e  o f  th e  a - 5 i : H .
Due t o  th e  p resence  o f  hydrogen i n  the  SiH^ gas i t  i s  o n ly  
p o s s ib le  t o  produce hyd rogena ted  amorphous s i l i c o n ,  t h e r e fo r e  the  
s p u t t e r i n g  p rocess  i s  r e q u i r e d  to  make pure  a - S i .
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A number o f  f a c t o r s  in f lu e n c e  th e  f i l m s  formed i n  t h i s  method. 
These a re  l i s t e d  be low .
1. Gas p re s s u re  and te m p e ra tu re  (see s e c t io n  4 .3  f o r  p a r t i c u l a r  
d e t a i l s  o f  these  q u a n t i t i e s ) .
2. Argon -  SiH^ r a t i o  w i t h i n  th e  chamber.
3. Gas f lo w  r a t e  and t im e  w i t h i n  th e  chamber.
4 . Shape o f  chember and th e  p o s i t i o n  o f  th e  s u b s t r a te  r e l a t i v e  to  
th e  p lasma.
5. A p p l ie d  RF power.
6 . S u b s t ra te  b ia s  v o l t a g e .
7. S u b s t ra te  te m p e ra tu re .
8 . Whether th e  RF power i s  coup led  t o  th e  plasma by th e  in d u c t i v e  
o r  c a p a c i t i v e  te c h n iq u e .
4.3 Preparation Details
S p u t te re d  Sample 
MA4 was produced by magnetron s p u t t e r i n g .  The a lum in ium  ta r g e t  
used f o r  c o n ta c ts  was p re s p u t te re d  f o r  15 m in . in  pure  argon b e fo re  
d e p o s i t io n .  D e p o s i t io n  t im e s  were around 45 min. i n  pure A r. The 
S i f i lm s  were d e p o s i te d  f o r  1 |  and f o r  3 h r s .  (doub le  th ic k n e s s )  
a f t e r  p r e s p u t t e r in g  th e  t a r g e t  f o r  15 m in . i n  pure a rgon . The argon 
f lo w  r a te  i n t o  the  s p u t t e r i n g  chamber was a t  r a t e  10 (on a s c a le  up 
to  5 0 ) .  The ou tw ard  f lo w  r a te  was measured on a Furness Capacitance 
micromanometer to  be 0 .05  T o r r l s
RF power was s u p p l ie d  a t  a r a t e  o f  100W w i th  a dc v o l ta g e  o f  
300 V o l t s  d u r in g  s i l i c o n  d e p o s i t io n  and —1 .1 KV d u r in g  A1 d e p o s i t io n .  
T h is  sample was s p u t te r e d  i n  pure  Ar w i th  no a d d i t i o n a l  hydrogen.
The s e m i- t r a n s p a r e n t  g o ld  e le c t r o d e s  were evapo ra ted  w i th o u t  a 
b reak  in  th e  vacuum and A1 ta b s  were d e p o s i te d  a t  th e  edges to
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a l lo w  p ressed  ind ium  c o n ta c ts  t o  be made.
Glow D ischa rge  Samples 
The g low  d is c h a rg e  samples were a - S i :H  d e p o s ite d  upon an ITO 
coa ted  s u b s t r a te .  The n+- i - n + samples (K - ty p e )  were p repared  in  a 
50?o SiH^ i n  H ^/A r m ix tu re  a t  a chamber p re s s u re  o f  0 .25  T o r r .  Doping 
( i n  th e  n+ la y e r s )  was c a r r i e d  o u t  by th e  a d d i t i o n  o f  5000 ppm in  volume
o f  PH^. The s u b s t r a te  was h e ld  a t  250°C and a power d e n s i t y  o f
2 +0.06W/cm was used. S ty p e  (n - i )  samples were prepared  in  th e  same
w ay.
Doped samples (n+, D - ty p e )  were p re p a re d  us ing  i d e n t i c a l  c o n d i t i o n s ,  
a p a r t  from the  gas m ix tu re  which c o n ta in e d  50?o -  SiH^ w i th o u t  e x t r a  
hydrogen . TKe ‘jo.Atples ooz.ru. CxXj-u- U n
4 .4  Sample C o o l in g  and C ry o s ta t  D es ign
C o o l in g  samples from room te m p e ra tu re  down to  1.2K r e q u i r e s  th e  
use o f  s o p h is t i c a te d  c o o l in g  te c h n iq u e s .  Two d i f f e r e n t  methods were 
used i n  th e  course  o f  th e  e x p e r im e n ta l  work d e s c r ib e d .
The f i r s t  te c h n iq u e  in v o lv e d  c o o l in g  to  12K us in g  a CTI 
C ryo g e n ics  c r y o c o o le r  (model number 21SC). Th is  machine uses a 
G if fo rd -M cM ahon  c y c le  t o  c o o l  t o  low te m p e ra tu re s .  (See W hite  -  
E x p e r im e n ta l  Techniques in  Low Tem perature  P h y s ic s ,  Oxford  1968 .)
T h is  c y c le  c o n s is t s  o f  f o u r  s tages  ( r e f e r  t o  d iagram 4 . 5 ) .  The f i r s t  
s ta g e  in v o lv e s  compressed h e l iu m  gas f lo w in g  i n t o  the  warm end o f  
th e  c y l i n d e r  when the  p is t o n  i s  d is p la c e d  tow ards the  c o ld  end. The 
p is t o n  then  moves upwards (warm end in  d ia g .  4 .5 )  and the  s iz e  o f  
th e  c o ld  volume i s  in c re a s e d .  Gas i s  d is p la c e d  th rough  the  
r e g e n e r a to r ,  tow ards  th e  c o ld  end, and more gas e n te rs  th rough  th e  
in t a k e  v a lv e ,  which rem ains open, t o  e q u a l iz e  the  gas p re s su re .  The 
expans ion  phase, and t h i r d  s ta g e ,  o ccu rs  when the  in ta k e  v a lv e  i s
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c lo s e d  and the  exhaus t v a lv e  i s  s lo w ly  opened. The expans ion  causes 
th e  c o ld  volume to  be co o led  and th e  f i n a l  s tage  ta k e s  p la c e  as th e  
p i s t o n  moves downwards t o  d is p la c e  th e  rem a in ing  c o ld  gas. By 
r e p e a t in g  t h i s  c y c le ,  c o o l in g  to  around 12K can be a ch ieved  in  the  
CTI c ry o c o d e r .
C o o l in g  from room te m p e ra tu re  t o  12K g e n e r a l ly  ta k e s  around 
2 h r s ,  b u t  i f  te m p e ra tu re  and fre q u e n c y  dependent d a ta  a re  taken  as 
c o o l i n g  o c c u rs ,  t h i s  t im e  in c re a s e s .
C ry o s ta ts
The o th e r  c o o l in g  te c h n iq u e  in v o lv e d  pass ive  c o o l in g  u s in g  
l i q u i d  h e l iu m .  A g la s s  c r y o s ta t  i s  c o n ta in e d  w i t h i n  a s t a in le s s  
s t e e l  o u te r  dewar as shown in  d iagram  4 .6 .  An i n s e r t ,  on to  which 
th e  sample i s  a t ta c h e d ,  i s  then  p la c e d  i n t o  the  g la s s  c o n ta in e r .  
L i q u id  n i t r o g e n  i s  c o n ta in e d  by th e  s t a in le s s  s te e l  dewar. T h is  
su r ro u n d s  the  h e l ium  c o n ta in e r  and p re v e n ts  ra p id  e v a p o ra t io n  o f  
l i q u i d  h e l iu m .  L iq u id  he l iu m  in  th e  g la s s  c r y o s ta t  i s  used f o r  
c o o l in g  t o  4 .2K . Lower te m p e ra tu re s  can be ob ta in e d  (down to  1.2K) 
by d e c re a s in g  the  He vapour p re s s u re .  Th is  i s  ach ieved by pumping 
th e  c r y o s t a t  as in d ic a te d  in  d iagram  4 .6 .  S i m i l a r l y ,  i f  the  
c r y o s t a t  c o n ta in s  l i q u i d  n i t r o g e n  i t  i s  p o s s ib le  to  lo w e r  th e  vapour 
p re s s u re  and reach tem p e ra tu re s  o f  ~50K.
To o b ta in  te m p e ra tu re s  above th e  b o i l i n g  p o in t  o f  l i q u i d  he l ium  
a cons tan ta n  w ire  h e a te r ,  i n  good th e rm a l c o n ta c t  w i t h  th e  sample i s  
used. By pass ing  a c o n t r o l l e d  c u r r e n t  th rough  t h i s  h e a te r  (see 
s e c t io n  4 .8 )  we can a t t a i n  te m p e ra tu re s  up to  40K. I f  th e  in n e r  
g la s s  c o n ta in e r  c o n ta in s  l i q u i d  n i t r o g e n  i t  i s  p o s s ib le  t o  hea t th e  
sample t o  ~10OK (see MA4 da ta  -  g raph 5 .3 ) .
55
Long Term Helium  Dewar 
An A i r  L iq u id e  38 l i t r e  he l ium  s to ra g e  dewar was a ls o  used f o r  
c o o l in g  to  4 .2 K .  T h is  had the  advantage o f  h o ld in g  h e l iu m  f o r  long  
p e r io d s  o f  t im e  thus  e n a b l in g  week lo n g  e x p e r im e n ta l  runs  a t  4.2K to  
be c a r r i e d  o u t .  A s p e c ia l l y  designed i n s e r t  was used w i th  t h i s  dewar. 
T h is  i n s e r t  can be low ered  d i r e c t l y  i n t o  th e  dewar and c o n ta in s  the  
e l e c t r i c a l  c o n n e c t io n s  to  th e  sample, a lo n g  w i th  the  Cu and Ge 
therm om eters  and f i b r e  o p t i c  cab le  (see H o l la n d  Ph.D. t h e s is  1987, 
s e c t io n  A .5 ) .
Low Temperature I n s e r t s  
The low te m p e ra tu re  in s e r t s  c o n s is te d  o f  a b rass  to p  p la t e  
connected  to  a copper t a i l - p i e c e  by means o f  t h i n  s t a in le s s  s t e e l  and 
c u p r o - n ic k e l  tu b e s .  Both these  m a te r ia ls  have h ig h  m echan ica l 
s t r e n g th  and low th e rm a l c o n d u c t i v i t i e s .  T h is  reduces hea t leakage to  
th e  env ironm en t s u r ro u n d in g  the  sample.
E l e c t r i c a l  co n n e c t io n  i s  made to  th e  sample which i s  mounted on 
th e  copper t a i l - p i e c e  by fe e d in g  v i n y l  coa ted  copper w ire s  th rough  
s e v e r a l  c o p p e r - n ic k e l  tu b e s .  These tubes  a re  c a r r i e d  th rough  the  
h e l iu m  ba th  th e r e fo r e  a l lo w in g  the  w ire s  to  be c o o le d .  The w ire s  are 
vacuum sea led  a t  th e  c r y o s ta t  head, by A r a l d i t e .  The w ire s  a re  then  
le d  i n t o  the  copper can (see diagram 4 . 7 ) .  S ty c a s t  compound i s  used 
t o  vacuum s e a l  th e  w ire s  go ing  in t o  the  can. S ty c a s t  i s  used fo r  
t h i s  purpose s in c e  i t s  th e rm a l c o n t r a c t io n  i s  s i m i l a r  to  t h a t  o f  
c o p p e r - n ic k e l .  T h is  p re v e n ts  the  S ty c a s t  from s p l i t t i n g  o f f  the  m eta l 
a t  low  te m p e ra tu re s .  The thermometer w ire s  and h e a te r  w ire s  are le d  
i n t o  th e  copper can in  o th e r  c u p r o - n ic k e l  tu b e s .  Thermal e a r th in g  i s  
a ch ieved  due t o  th e  w ire s  be ing  a t  h e l ium  te m p e ra tu re s  o u ts id e  the  
can by th e  S ty c a s t  s e a ls .  The w ire s  a re  then  a t ta c h e d  to  the  sample
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m oun t ing  p la t f o r m  on the  t a i l - p i e c e .  They a re  t h e r m a l ly  e a r th e d  
t o  th e  copper p la t f o r m  by u s ing  S ty c a s t .  I n t e r le a d  c a p a c i ta n c e s  a re  
m in im iz e d  by fe e d in g  two s e ts  o f  w i re s  t o  th e  t a i l - p i e c e  i n  se p a ra te  
c u p r o - n ic k e l  tu b e s .  By c o n n e c t in g  th e  two s e ts  o f  w i re s  to  d i f f e r e n t  
s id e s  o f  th e  m ounting  p la t fo r m  (see d iagram  4 .8 )  c o n n e c t io n  can be 
made t o  th e  sample from d i f f e r e n t  s e ts  o f  w i r e s .  Th is  w i l l  reduce 
th e  e f f e c t  o f  a ca p a c i ta n c e  due to  p a r a l l e l  w i re s  ru n n in g  to g e th e r  ove r 
a d is ta n c e  o f  ~1 m e tre .
The copper vacuum can a t  the  lo w e r  end o f  the  i n s e r t  e n c lo se s  th e  
copper t a i l - p i e c e .  T h is  ensures t h a t  th e  sample i s  t h e r m a l l y  decoup led  
from  th e  l i q u i d  gas thus  e n a b l in g  th e  sample to  be heated to  te m p e ra tu re s  
g r e a te r  than  t h a t  o f  the  r e f r i g e r a n t  b a th .  The can was vacuum se a led  
by means o f  an ind ium  r in g  and pumped t o  —0.01 T o rr  b e fo re  c o o l in g .  
Cyropumping reduces t h i s  p re ssu re  f u r t h e r  when l i q u i d  h e l iu m  i s  
in t ro d u c e d  i n t o  th e  system.
The pumping tube  i s  used f o r  e v a c u a t in g  the  can. To m in im ise  
th e  e f f e c t s  o f  room tem pera tu re  r a d i a t i o n  caus ing  h e a t in g  s e v e ra l  
r a d i a t i o n  s h ie ld s  are put in  the  pumping tu b e .
The f i b r e  o p t i c  cab le  was c a r r i e d  t o  th e  can by means o f  a t h i n  
s t a i n l e s s  s t e e l  tube  and sea led  a t  th e  c r y o s t a t  head, a ga in  by 
A r a l d i t e ,  a f t e r  removing the  c la d d in g  around th e  f i b r e .  S e a l in g  a t  
th e  low e r  end was c a r r i e d  ou t by s o ld e r in g  around th e  tube  a t  th e  
p o in t  o f  e n t r y  t o  th e  can.
4 . 5  H igh  Temperature  Sample H o ld e r
In  o rd e r  to  s tu d y  AC and DC conductance up to  440K a d i f f e r e n t  
sample h o ld e r  was used ( th e  maximum te m p e ra tu re  found to  be o b ta in a b le  
w i t h  th e  s ta n d a rd  He i n s e r t  was -330K due to  l i m i t a t i o n s  w i t h  th e  
h e a te r ) .  The i n s e r t  i s  s im i l a r  i n  c o n s t r u c t i o n  t o  a low te m p e ra tu re
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i n s e r t ,  b u t  i t  i s  no t  necessary  t o  use s t y c a s t  s e a ls .  A r a l d i t e  s e a ls  
were found to  be le a k  t i g h t  a t  a l l  th e  te m p e ra tu re s  in v o lv e d .  
Tem pera tu res  were measured w i th  a c a l i b r a t e d  copper c o i l  therm om eter 
and c ro s s  checked w i th  a the rm ocoup le .  Temperature s t a b i l i z a t i o n  was 
accom p lished  w i th  an O xfo rd  DTC2 a u to m a t ic  Temperature C o n t r o l  U n i t .
The sample can was e v a lu a te d  in  o rd e r  t o  p re v e n t  o x id a t io n  o f  th e  
sample a t  h ig h  te m p e ra tu re .
4 .6  R e la t i v e  Im portance o f  C o o l in g  Techn iques
In  o rd e r  to  s tu d y  th e  o p t i c a l  p r o p e r t i e s  o f  the  a -S i  o r  a -S i :H
samples th e y  must f i r s t  be coo led  to  low  te m p e ra tu re s .  D i f f e r e n t  
c o o l in g  te ch n iq u e s  were a p p ro p r ia te  t o  d i f f e r e n t  types  o f  sam ples.
The m a jo r i t y  o f  a -S i :H  samples were c o o le d  i n  th e  CTI c r y o c o o le r .
T h is  enab led  samples to  be coo led  e a s i l y  and a l lo w e d  th e  s e le c t i o n  o f  
any te m p e ra tu re  above th e  base te m p e ra tu re  o f  12K to  be s t r a ig h t f o r w a r d  
(see s e c t io n  4 . 8 ) .  As c h a p te r  6 e x p la in s  i n  d e t a i l ,  te m p e ra tu re s  o f  
50K must be o b ta in e d .  T h is  i s  no t p o s s ib le  w i th  the  h e l iu m  c r y o s ta t s  
due t o  l i m i t a t i o n s  in  th e  h e a te r  c u r r e n t  and th e  ra te  o f  h e l iu m  b o i l  
o f f  w i l l  be s u b s t a n t i a l l y  in c re a s e d  a t  t h i s  te m p e ra tu re  ( e s p e c ia l l y  
d u r in g  lo n g  runs o f  90000 se c o n d s ) . I t  i s  p o s s ib le ,  however, t o  t r a n s f e r  
i n s e r t s  from the  l i q u i d  h e l iu m  to  a n i t r o g e n  ba th  to  ach ie ve  a 
te m p e ra tu re  o f  77K, bu t t h i s  i s  t im e -consum ing  when compared w i t h  
th e  conven ience  o f  the  CTI C ry o c o o le r .
The f a c t  t h a t  any te m p e ra tu re  from  12.5K to  room te m p e ra tu re  
can be s e le c te d  a ls o  e l im in a te s  the  need f o r  s e pa ra te  measurements 
t o  be taken  from 50K to  100K u s in g  l i q u i d  N 2, and from 1.2K to  30K, 
u s in g  l i q u i d  He. The te m p e ra tu re  dependent and f requency  dependent 
d a ta  can th e r e fo r e  be ta k e n  in  a " c le a n  sweep" down to  base w i th o u t
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b re a k s  in  measurement.
L iq u id  h e l iu m  was m a in ly  used f o r  c o o l in g  samples below 12K. 
E xpe r im en ts  were pe rfo rm ed  on bo th  pure  a -S i  and a - S i :H .  The a -S i  
samples d id  no t r e q u i r e  h e a t in g  to  50K to  r e t u r n  them to  t h i s  dark  
s t a t e ,  t h e r e fo r e  i t  was n o t  necessary  to  use th e  CTI C ry o c o o le r .  
O p t i c a l  runs  c o u ld  be perfo rm ed w i th  a good degree o f  te m p e ra tu re  
s t a b i l i t y  a t  4 .2 K on bo th  a -S i  and a -S i :H  samples, e s p e c i a l l y  f o r  K12 
and D2 in  th e  lo n g - te rm  dewar.
4 .7  Sample M ounting
Samples were mounted on the  copper t a i l - p i e c e s  o f  th e  i n s e r t s .
In  some cases the  samples were r a is e d  by means o f  copper b lo c k s  o r  
t h i n  s h e e t in g  to  a l lo w  i l l u m i n a t i o n  th ro u g h  th e  bo ttom  e le c t r o d e .
The g la s s  s l i d e s  were g lued  to  th e  copper by means o f  a 50/50 
m ix tu r e  o f  B o s t ik  No 1 adhes ive  and ace tone . T h is  enab led  good 
th e rm a l  c o n ta c t  between th e  sample and th e  m ounting s ta g e  to  be made. 
The adhes ive  i s  a ls o  f l e x i b l e  down to  low te m p e ra tu re s  and a l lo w s  
th e  d i f f e r e n t i a l  th e rm a l expans ion  between th e  g la s s  s u b s t r a te  and 
copper b lo c k  to  be accommodated.
E l e c t r i c a l  c o n n e c t io n  was made by a t t a c h in g  w i re s  t o  th e  sample 
e le c t r o d e s .  These w ire s  were s tu ck  down by E le c t ro d a g  (a c o n d u c t in g  
p a in t  w i th  a h ig h  s i l v e r  c o n te n t )  o r  by pressed ind ium  c o n ta c ts  
(MA4 o n l y ) .  Pressed ind ium  c o n ta c ts  a re  p r e fe r a b le  t o  E le c t ro d a g  
c o n ta c ts  because o f  t h e i r  g re a te r  m echan ica l s t r e n g th .  T h is  means 
t h a t  the  w ire s  a re  le s s  l i k e l y  to  become detached by th e rm a l 
c o n t r a c t i o n  o r  by v i b r a t i o n  d u r in g  the  c o o l in g  p ro c e s s .  U n fo r tu n a te ly ,  
p ressed  ind ium  c o n ta c ts  a re  u n s u i ta b le  f o r  use w i t h  ITO backed samples 
as th e  a -S i  f i l m  can be damaged o r  punc tu red  d u r in g  th e  m ounting 
p ro ce d u re .
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These c o n ta c ts  i n f lu e n c e  the  appa ren t conduc tance  o f  th e  samples 
by o f f e r i n g  a r e s is ta n c e  i n  s e r ie s  w i t h  th e  a - S i .  T h is  i s  e x p la in e d  
i n  g r e a te r  d e t a i l  i n  s e c t io n  5 .2 .
4.8 Temperature Measurement and Control
Tem peratures were measured u s in g  senso rs  whose r e s is ta n c e  v a r ie d  
w i t h  te m p e ra tu re .  A c o n s ta n t  c u r r e n t  was a p p l ie d  to  a l l  th e  sensors  
used and th e  v o l ta g e  was measured. T h is  was accom p lished  by tem pe ra tu re  
c o n t r o l  u n i t s  (TCUs) which w i l l  be d is cu sse d  l a t e r .
To measure te m p e ra tu re s  above 50K, a c a l i b r a t e d  copper c o i l  
the rm om ete r was used. Below 50K, the  r e s is ta n c e  becomes to o  i n v a r i a n t  
w i t h  te m p e ra tu re  t o  be o f  p r a c t i c a l  use due t o  th e  c u r r e n t  l i m i t a t i o n s  
imposed by th e  TCD. Using t h i s  thermom eter i t  was p o s s ib le  t o  measure 
te m p e ra tu re s  up to  room te m p e ra tu re .  Copper c o i l  therm om eters  and 
o th e r  senso rs  were a t ta c h e d  to  the  copper t a i l - p i e c e  o f  th e  i n s e r t  i n  
good th e rm a l  c o n ta c t  w i t h  the  sample.
A second sensor was a ls o  a t ta c h e d  to  th e  i n s e r t s ,  a ls o  in  c lo s e  
th e rm a l  c o n ta c t  w i t h  th e  sample. T h is  was a germanium thermometer 
w h ich  was capab le  o f  m easuring te m p e ra tu re s  from  1.2K up t o  40K.
Above 40K a lo s s  i n  s e n s i t i v i t y  rendered  th e  d io d e  u n s u i t a b le  f o r  use 
a t  h ig h e r  te m p e ra tu re s .
The s i l i c o n  d iode  used in  the  CTI C ry o c o o le r  c o u ld  measure 
te m p e ra tu re s  from 12K up to  room te m p e ra tu re .  T h is  d i f f e r s  from the  
Ge therm om eter i n  b e in g  a p -n  ju n c t io n  d e v ic e  w i t h  n o n - l i n e a r  I -V  
c h a r a c t e r i s t i c s  ( th e  Ge thermometer i s  a l i n e a r  r e s i s t i v e  e le m e n t) .  At a 
c o n s ta n t  sense c u r r e n t  o f  10yA the  v o l ta g e  d rop  a c ross  the  d iode  w i l l  
in c re a s e  from  0.4V to  2.0V over a te m p e ra tu re  range from room 
te m p e ra tu re  down t o  10K.
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The TCU, wh ich c o n t r o l l e d  the  te m p e ra tu re ,  works by a p p ly in g  a 
c o n s ta n t  c u r r e n t  to  th e  sensor and the  v o l ta g e  can be measured, thus  
d e te rm in in g  te m p e ra tu re .  To s e le c t  a te m p e ra tu re  above th e  b o i l i n g  
p o in t  o f  a l i q u i d  gas th e  v o l ta g e  s ig n a l  must be m o n ito re d ,  a m p l i f i e d  
and compared w i th  a re fe re n c e  s ig n a l  which co rrespond s  to  a p re s e t  
te m p e ra tu re .  T h is  p rocess  now enables a c o n t r o l l e d  o u tp u t  c u r r e n t  
th ro u g h  a c o n s ta n ta n  w i r e  he a te r  to  be p roduced. A u to m a t ic  o p e ra t io n  
ensures  t h a t  th e  te m p e ra tu re  i s  m on ito red  c o n s ta n t l y ,  e n a b l in g  the  
h e a te r  o u tp u t  t o  be c o n t r o l l e d  p r e c is e ly .
Two such d e v ice s  were used in  the  course  o f  t h i s  w ork . These 
were a Lakeside . C r y o t r o n ic s  Inc  C ryogen ic  TCU (Model DTC-500SP) 
and a h o m e -b u i l t  TCU. A lthough  the  Lake s hore TCU c o n ta in s  more 
s o p h is t i c a t e d  e l e c t r o n i c s ,  both  c o n t r o l l e r s  o p e ra te  on the  p r i n c i p l e  
d e s c r ib e d  above. The b lo c k  diagram (d ia g .  4 .9 )  shows the  LakesKo//e_. 
TCU and i t  c o n ta in s  th e  f o l lo w in g  s tages .
1. A c o n s ta n t  c u r r e n t  source  to  supp ly  the  therm om eters .
2. The v o l ta g e  ac ross  th e  thermometers i s  fed  th ro u g h  an a m p l i f i e r .  
T h is  c re a te s  a p o s i t i v e  c u r re n t  th rough  th e  3M^ r e s i s t o r  i n t o  
th e  c u r r e n t  summing a m p l i f i e r .
3. The d i g i t a l  s e t  p o in t  (p re s e n t  te m p e ra tu re )  i s  co n ve r te d  to  an 
analogue v o l ta g e  by a DAC. The r e s u l t i n g  n e g a t iv e  v o l ta g e  i s  
a p p l ie d  to  a s t r i n g  o f  r e s i s t o r s  and the  c u r r e n t  gene ra ted  i s  fed 
i n t o  a summing a m p l i f i e r  to  ba lance the  thermom eter c u r r e n t .
When a ba lance  i s  ach ieved  the  d i g i t a l  s e t  p o in t  i s  th e  a c tu a l  
te m p e ra tu re  measured by the  sensor.
4 .  The e r r o r  s ig n a l  i s  measured on a n u l l  meter and can be in te g r a te d .  
The o u tp u t  s ig n a l  i s  then  added to  th e  e x i s t i n g  c o n t r o l l e r  o u tp u t .  
T h is  enab les  th e  o v e r a l l  o u tp u t  to  change u n t i l  no e r r o r  rem ains .
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The te m p e ra tu re  i s  now a t  th e  re q u i r e d  p o in t  w i t h  no o f f s e t  i n  
th e  s e t  p o in t .
5. A h e a te r  i s  s u p p l ie d  by a c u r r e n t  c o n t r o l l e d  by th e  s iz e  o f  the  
e r r o r  s ig n a l  measured on th e  n u l l  meter and by th e  s e t  p o in t .
D u r ing  an o p t i c a l  e x p e r im e n t  i t  i s  necessary  to  m a in ta in  a 
s ta b le  te m p e ra tu re  f o r  —90000 secs . I t  i s  t h e r e fo r e  im p o r ta n t  to  
measure any te m p e ra tu re  f l u c t u a t i o n s  and i n v e s t ig a t e  t h e i r  e f f e c t  on 
th e  da ta  o b ta in e d .
By m easuring th e  te m p e ra tu re  ( re co rd e d  a u t o m a t ic a l l y  u s in g  the  IEEE 
in t e r f a c e d  v o l tm e te r  and QL com puter)  over t im e  p e r io d s  o f  —90000 
seconds i t  was p o s s ib le  t o  e s t im a te  the  te m pe ra tu re  d r i f t .  Th is  
in v o lv e d  comparing th e  measured v o l ta g e  w i th  the  te m p e ra tu re  
c a l i b r a t i o n  graph f o r  th e  germanium therm om eter. Graph 4 .1 0  shows 
t h a t  th e  te m p e ra tu re  i s  re m a rka b ly  s ta b le  w i th  a d r i f t  co r re s p o n d in g  
to  b e t t e r  than  0.005K u n t i l  th e  he l ium  beg ins  to  b o i l  o f f .  Th is  
occu rs  a t  20000 seconds. The e f f e c t  on soma r e s u l t s  can be seen by 
exam in ing  graph (6 .  6 ) w h ich  shows the  c a p a c ita n c e  da ta  p l o t t e d  
a g a in s t  t im e .  Tem perature f l u c t u a t i o n s  o f  0.005K would im p ly  t h a t  
c a p a c i ta n c e  changes due to  t h i s  are n e g l i g i b l e .  A n o t i c e a b le  peak i s  
observed a t  70000 seconds wh ich  co rresponds  to  the  h e l iu m  e v a p o ra t in g  
and a te m pe ra tu re  r i s e  o f  -1 K .  R e f i l l i n g  the  c y r o s ta t  co o le d  the  
sample to  4 .2 K and th u s  ach ie ve d  a s teady  te m p e ra tu re .
The CTI C ry o c o o le r ,  i n  c o n ju n c t io n  w i th  th e  TCU, m a in ta in s  a 
s ta b le  te m pe ra tu re  re m a rka b ly  w e l l .  The tem p e ra tu re  d r i f t  a t  low 
te m p e ra tu re s  ( le s s  th a n  50K) was measured to  be le s s  than  0.01K over 
a p e r io d  o f  s e v e ra l  days. Such a change in  tem p e ra tu re  co rresponds  
t o  a c a p a c ita n ce  change o f  a round 0.005pF ( f o r  sample K11 -  o th e r  
samples have a s i m i l a r  te m p e ra tu re  dependence). Such a change in
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c a p a c i ta n c e  does n o t  have a s i g n i f i c a n t  e f f e c t  on th e  o p t i c a l  r e s u l t s .
S h o r t  te rm  te m p e ra tu re  f l u c t u a t i o n s  a re  e a s i l y  re c o g n iz e d  on th e
c a p a c i ta n c e  ve rsu s  t im e  g raphs . These changes can be seen as s m a l l  
r —4o s c i l l a t i o n s  (a b o u t  5 x 10 pF in  m agnitude and o c c u r r in g  over a few 
hundred se co n d s ) .  The f l u c t u a t i o n s  in  te m p e ra tu re  a re  t h e r e f o r e  
n e g l i g i b l e  s in c e  most c a p a c i ta n c e  changes under i l l u m i n a t i o n  a re  o f  
th e  o rd e r  o f  0 .01pF t o  s e v e ra l  pF.
In  o rd e r  t o  measure te m p e ra tu re  d r i f t  and te m p e ra tu re  f l u c t u a t i o n s  
i t  was necessa ry  t o  c a l i b r a t e  the  o f f s e t  shown on th e  n u l l  m e te r .
T h is  was ach ieved  by n o t in g  the  o f f s e t  wh ich  co rrespond s  to  a known 
te m p e ra tu re  change. By keep ing  th e  g a in  c o n t r o l  a t  th e  s e t t i n g  i t  
was a t  d u r in g  an e x p e r im e n t ,  the  te m p e ra tu re  changes observed c o u ld  
be compared w i th  th e  v a lu e s  o b ta in e d  from th e  c a l i b r a t e d  o f f s e t .
4.9 Sample Illumination
The main sou rce  o f  l i g h t  f o r  sample i l l u m i n a t i o n  was a 2mW 
Coherent He-Ne la s e r  (X ^6 3 3  nm). A w a te r  coo led  tu n g s te n -h a lo g e n  
lamp in  c o n ju n c t io n  w i t h  a PRT MC1-04 monochromator was used to  
p ro v id e  i l l u m i n a t i o n  a t  w ave leng ths  between 300 nm 1ym.
The o p t i c a l  bench s e t -u p  c o n s is te d  o f  a l i n e a r  arrangem ent o f  a 
l i g h t  s o u r c e , f i l t e r  h o ld e r  and f i b r e  h o ld e r  mounted on X-Y movement 
s tands  as shown in  d iagram  4 .1 1 .  A 3m f i b r e  o p t i c  c a b le  was used to  
c o l l e c t  th e  l i g h t  i n  b o th  methods o f  i l l u m i n a t i o n .  The narrow la s e r  
o u tp u t  beam was de focused  i n  o rd e r  t o  ensure  s t r a ig h t f o r w a r d  
a l ig n m e n t  w i t h  th e  f i b r e  and to  m in im ise  th e  r i s k  o f  a s l i g h t  
v i b r a t i o n  ca u s in g  m is a l ig n m e n t .
I l l u m i n a t i o n  i n t e n s i t y  c o n t r o l  was accom p lished  by u s ing  p r e ­
c a l i b r a t e d  n e u t r a l  d e n s i t y  f i l t e r s  and by v a ry in g  th e  la s e r  to  f i b r e
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d is ta n c e .  A t low i n t e n s i t i e s  i t  was necessa ry  to  s h ie ld  the  
o p t i c a l  bench assembly from am bien t room l i g h t .
Samples w i t h  t r a n s p a r e n t  to p  e le c t r o d e s  c o u ld  be i l l u m in a t e d  
d i r e c t l y  from  th e  f i b r e  o u tp u t  in  th e  CTI C ry o c o o le r  as shown in  
d iag ram  4 .1 2 .  In  th e  s ta n d a rd  h e l iu m  i n s e r t  the  l i g h t  o u tp u t  from 
th e  f i b r e  was r e f l e c t e d  from a f r o n t  A1 coa ted  m i r r o r  on to  th e  
sam ple . (See d iagram 4 .1 3 . )
4 .9 ( a )  I l l u m i n a t i o n  th ro u g h  ITO bo ttom  e le c t ro d e s
S ince  ITO i s  s e m i- t r a n s p a r e n t ,  i t  i s  p o s s ib le  t o  i l l u m i n a t e  a 
ju n c t i o n  th ro u g h  th e  ITO back e le c t r o d e .  T h is  was ach ieved  by 
r a i s i n g  th e  sample on copper b lo c k s  and r e f l e c t i n g  the  l i g h t  from 
th e  f i b r e  from a f r o n t  a lu m in is e d  m i r r o r ,  p o s i t io n e d  between th e  
b lo c k s ,  and on to  th e  sample from be low . The m i r r o r  was ang led  to  
a l lo w  h ig h e r  i l l u m i r .  a t i n g  i n t e n s i t i e s  t o  be a v a i l a b le .  T h is  
method was u s e fu l  i n  th e  CTI c r y o c o o le r  and s tanda rd  H e - in s e r t s ,  bu t  
i n  th e  lo n g  term  He dewar a d i f f e r e n t  arrangem ent was used. T h is  
i s  due to  th e  s m a ll  s iz e  o f  the  m oun ting  b lo c k  and s u r ro u n d in g  can 
( le s s  than  50 mm e x te r n a l  d ia m e te r  i n  o rd e r  to  e n te r  the  neck o f  th e  
dewar wh ich i s  50 mm in  d ia m e te r ) .  The sample was ang led  and a t ta c h e d  
t o  t h i n  Cu s h e e t in g  as i l l u s t r a t e d  in  d iagram  4 .1 4 .  Thermal e a r th in g  
was ach ieved  by f a s te n in g  th e  s h e e t in g  t o  th e  copper t a i l - p i e c e  and 
c o a t in g  w i t h  a B o s t ik -a c e to n e  m ix tu r e .  H ighe r i l l u m i n a t i n g  i n t e n s i t i e s  
c o u ld  be o b ta in e d  u s in g  t h i s  te c h n iq u e  as th e  f i b r e  to  sample d is ta n c e  
i s  s m a l l  (—1 —2 mm here  as opposed to  7 mm when a m i r r o r  i s  u se d ) .
4.10 Intensity Calibration
To measure th e  i n t e n s i t y  o f  l i g h t  f a l l i n g  on the  a -S i  sample
th e  system must be c a l i b r a t e d .  T h is  in v o lv e d  measuring th e  l i g h t
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i n t e n s i t y  a t  the  end o f  th e  3m f i b r e  b e fo re  c o n n e c t in g  i t  to  th e  
c r y o s t a t  f i b r e .  I n t e n s i t y  measurements were made w i th  a Photodyne 
8 8 XLA l i g h t  m e te r .  A f t e r  a t t a c h in g  th e  3m f i b r e  to  the  c r y o s t a t  
f i b r e  a second i n t e n s i t y  measurement i s  c a r r i e d  ou t a t  a pre-measured 
d is ta n c e .  T h is  d is ta n c e  i s  o f  the  o rd e r  o f  2 mm -  10 mm, s i m i l a r  
t o  t h a t  o f  th e  j u n c t i o n - f i b r e  s e p a ra t io n .
In  o rd e r  to  o b ta in  th e  a c tu a l  l i g h t  i n t e n s i t y  absorbed by the  
j u n c t i o n s  a number o f  c o r r e c t io n s  must be made. These a re :
1. I f  th e  j u n c t i o n - f i b r e  s e p a r a t io n  d i f f e r s  from the  p h o to d y n e - f ib r e  
d is ta n c e  the  i n t e n s i t y  must be c o r r e c te d  us ing  th e  in v e rs e  square 
law . The f a c t o r  i s  c a lc u la t e d  to  be
( c r y o s t a t  f ib r e - p h o to d y n e  d is ta n c e )
2
( c r y o s t a t  f i b r e  -  j u n c t i o n  d is ta n c e )  .
2 . The j u n c t i o n  was n o t  n o rm a l ly  i n  th e  c e n t re  o f  th e  cone o f  l i g h t  
o u tp u t  from th e  f i b r e .  The i n t e n s i t y  p r o f i l e  o f  I vs ^  i s  shown 
i n  d iagram  4 .1 3 .  0 i s  th e  a ng le  between the  l i n e  o f  th e  cone 
c e n t re  and th e  l i n e  from th e  j u n c t i o n  to  the  f i b r e  o u tp u t .  (See 
d iagram  4 .1 6 a . )  As -9- changes from 0° ( th e  ju n c t i o n  i s  a t  th e  cone 
c e n t r e )  to  90° the  i n t e n s i t y  i n c id e n t  on the  j u n c t i o n  decreases .
By measuring the  h o r i z o n t a l  d is ta n c e ,  d, between th e  cone c e n t re  
and th e  j u n c t i o n ,  and by m easuring f^  th e  f i b r e  t o  g la s s  d is ta n c e ,  
•0- can be c a lc u la t e d .  The l i g h t  i n t e n s i t y  on the  j u n c t i o n  can 
t h e r e fo r e  be found from  4 .1 3 .  , The r e d u c t io n  f a c t o r  ranges from
0 a t  0- = 90° to  1 when 0 = 0 ° .  A c o r r e c t io n  term to  account f o r  
v a r i a t i o n s  in  the  f i b r e  o r  m i r r o r  a n g le  i s  a ls o  made and t h i s  
f a c t o r  i s  le s s  than  1.
The d iode  sens ing  e lem ent on th e  Photodyne meter has a f i n i t e  
s iz e  o f  0 .42 cm . Because o f  t h i s ,  th e  i n t e n s i t y  in d ic a te d  on
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th e  m ete r i s  an average re a d in g  c o r re s p o n d in g  to  th e  c e n t re  and 
le s s  in te n s e  o u te r  re g io n s  o f  th e  cone o f  l i g h t .  To account f o r  
th e  h ig h e r  c e n t r a l  i n t e n s i t y  a f a c t o r  o f  1 /x  must be used to  
c o r r e c t  th e  m eter re a d in g .  A t y p i c a l  v a lu e  i s  0 .9 5  and x 
approaches 1 as th e  f i b r e - j u n c t i o n  d is ta n c e  decreases,.
3. A f a c t o r  must be in t ro d u c e d  to  account f o r  the  r e f le c ta n c e  and 
t r a n s m i t t a n c e  o f  l i g h t  by the  s e m i- t r a n s p a re n t  e le c t r o d e s  and 
th e  a -S i  f i l m .
M easur ing  th e  l i g h t  i n t e n s i t y  t r a n s m i t t e d  th rough  the  g la s s  and 
ITO c o m b in a t io n  g iv e s  r i s e  to  a f a c t o r  w h ich  reduces th e  i n i t i a l  
i n t e n s i t y  by Tg/j-|-q - The l i g h t  i n t e n s i t y  on to  th e  j u n c t io n  i s  
f u r t h e r  reduced by r e f l e c t i o n  from th e  IT O /S i boundary . A 
q u a n t i t y ,  T ^ j-p g R c ^ ,  i s  s u b t ra c te d  from th e  i n t e n s i t y  in c id e n t  
on th e  s i l i c o n .  The i n i t i a l  l i g h t  i n t e n s i t y  must now be 
c o r r e c te d  by a f a c t o r  T g / jy g
L ig h t  from m u l t i p l e  r e f l e c t i o n s  w i t h i n  the  f i lm s  i s  n e g le c te d  
due t o  th e  s m a l l  v a lu e s  o f  and Ry-j-g ( t y p i c a l l y < 5%).
Secondary r e f l e c t i o n s  from the  A1 to p  e le c t r o d e  are  a ls o  n e g le c te d  
due to  th e  low t r a n s m i t ta n c e  o f  the  s i l i c o n  f i lm s  (Tgy ~  a few %).
A. The a lum in ium  m i r r o r s  used were no t 100?o r e f l e c t i v e .  A f a c t o r  o f
0 .9  (e q u a l  to  a t  633nm) was in c o rp o ra te d  to  account f o r  t h i s .
Ra l  v s  w ave leng th  i s  p lo t t e d  on graph 4 .1 7 a .
5. A f i n a l  c o r r e c t i o n  f a c t o r  caused by the  in c r e a s in g  lo s s  from the
f i b r e s  a t  low  te m p e ra tu re s  must a ls o  be taken  i n t o  accoun t.  In  
o rd e r  t o  c a l c u la t e  th e  f a c t o r  an expe r im en t i n v o lv in g  c o o l in g  
th e  f i b r e s  was p e r fo rm ed . A f i b r e  was le d  in t o  th e  CTI Cryocoder
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and i t s  o u tp u t  d i r e c te d  a t  a second f i b r e  ( th e  one which 
i l l u m i n a t e s  th e  j u n c t i o n s ) .  By s h in in g  l i g h t  i n t o  t h i s  f i b r e  
and then  m easur ing  th e  o u tp u t  i t  i s  p o s s ib le  t o  c a lc u la t e  the  
lo s s  a t  low  te m p e ra tu re s .  C o o l in g  th e  system showed t h a t  below 
room te m p e ra tu re  th e  l i g h t  o u tp u t  was reduced and reached a 
s teady  v a lu e  a t  150K. F a c to rs  o f  0 .6 4  a t  500 nm, 0 .76  a t
633 nm and 0 .8 1  a t  800 nm were found (see graph 4 .1 7 b ) .  Th is  
f a c t o r  i s  o f  im po r tance  f o r  a l l  o p t i c a l  exp e r im e n ts .
A s i m i l a r  e x p e r im e n t perform ed by p a ss in g  a f i b r e  th rough  l i q u i d  
n i t r o g e n  showed no change in  l i g h t  o u tp u t  i n t e n s i t y ,  bu t  i f  the  
f i b r e  was le d  th ro u g h  l i q u i d  h e l ium  a drop was observed ( r e d u c t io n  
f a c t o r  o f  0 .81 was found a t  633 nm). The fa c t  t h a t  a decreased 
o u tp u t  was observed below 150K in  th e  CTI system can be e x p la in e d .  
The system has a f i r s t  c o o l in g  s tage  on to  which a second i s  
a t ta c h e d .  The sample i s  f i x e d  to  th e  second s tage  and i t s  
te m p e ra tu re  can be changed by u s in g  a h e a te r .  The f i r s t  c o o l in g  
s tage  rem a ins  c lo s e  to  the  base tem pera tu re , when the  sample i s  
hea ted . S ince  th e  f i b r e s  are in  c o n ta c t  w i th  the  f i r s t  c o ld  
s ta g e ,  th e y  a re  a t  a low te m pe ra tu re  and thus  the  amount o f  
l i g h t  o u tp u t  i s  reduced. As the  therm om eters  a re  on the  second 
c o ld  s ta g e  th e y  re c o rd  the  sample te m p e ra tu re  r a th e r  than  th e  1s t  
c o ld  s t a t i o n  te m p e ra tu re .
The f a c t o r  must t h e r e fo r e  be in c lu d e d  a t  a l l  he l ium  tem pe ra tu re  
exp e r im e n ts  and when the  CTI system was employed.
4.11 Transmittance and Reflection Measurements
T ra n s m it ta n c e  and r e f le c ta n c e  measurements were o b ta in e d  f o r  th e  
a - S i  and th e  e le c t r o d e  m a t e r ia l .  Measurements were c a r r i e d  ou t by means
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o f  a monochromator, which a l low ed  th e  v a r i a t i o n  o f  w a ve le n g th s ,  and 
r e f l e c t e d  and t r a n s m i t t e d  i n t e n s i t i e s  were measured u s in g  a 
p h o t o m u l t i p l i e r .  These i n t e n s i t i e s  were then  compared w i th  the  
r e f l e c t a n c e  o f  a lum in ium  and the  t r a n s m i t ta n c e  o f  a i r  r e s p e c t i v e l y .
A range o f  w ave leng ths ,  from 500 nm to  1.5 nm cou ld  be o b ta in e d  u s in g  
t h i s  equ ipm ent.
A b s o lu te  e r r o r s  in  i n t e n s i t y  measurements are r a t h e r  h ig h  
(~15-20?o). D is ta n c e s ,  e .g .  o f  j u n c t i o n  p o s i t i o n  w i th  re s p e c t  t o  the  
c e n t r e  o f  l i g h t  cone, m i r r o r  j u n c t i o n  d is ta n c e  and m i r r o r - f i b r e ,  can 
o n ly  be e s t im a te d  to  ±0.25mm. When these  d is ta r c e s  a re  s u b s t i t u t e d  
i n t o  th e  in v e rs e -s q u a re  low fo rm u la  and when they a re  taken  i n t o  
a c co u n t  f o r  d e te rm in in g  ju n c t io n  p o s i t i o n s  they  c o n t r ib u t e  th e  main 
so u rce s  o f  e r r o r  i n t o  the  i n t e n s i t y  measurements. E r r o r s  due to  
c o r r e c t i o n  f a c to r s  2 .5  c o n t r ib u te  e r r o r s  o f  a few p e rc e n t  each, bu t 
a re  s m a l l  i n  comparison w i th  the  d is ta n c e  e r r o r s  o f  around 4?6 to  8?o 
and th e  10?o e r r o r  i n  c a lc u la t i n g  i n t e n s i t i e s  frcm graph 4 -1 5 .
I n t e n s i t y  e r r o r s  between the  d i f f e r e n t  i n t e n s i t i e s  used d u r in g  
an o p t i c a l  run  are s m a l l .  C o n t r ib u t io n s  to  t h i s  e r r o r  a re  due to  
th e  c a l i b r a t i o n s  o f  the  n e u t r a l  d e n s i t y  f i l t e r s .  E r r o r s  a re  
m in im is e d  by c a l i b r a t i n g  the  v a r io u s  f i l t e r  co m b ina t ion s  and u s in g  
th e s e  c o m b in a t io n s  f o r  each e x p e r im e n t .  An e s t im a te d  e r r o r  o f  
a round  2% i s  a t t r i b u t e d  to  f i l t e r  c a l i b r a t i o n s .
4.12 AC Measurements
C apac itance  and conductance can be measured t o  a h ig h  degree o f  
a cc u ra c y  u s in g  an ac b r id g e .  Tfic* ac b r id g e ,  y y  used is 
d e s c r ib e d  in  s e c t io n  4 .12a ,
6 8
4 .12a  Manual AC B r id g e
A t ra n s fo rm e r  r a t i o  b r id g e  (a General Radio C apac itance  B r id g e  
ty p e  1615A) was used f o r  measuring c a p a c i ta n c e  and conduc tance . Th is  
ac b r id g e  uses a n u l l  method in  which the  unknown's ( a - S i  sample 
sandwiched between e le c t r o d e s )  c a p a c ita n ce  i s  ba lanced a g a in s t  s ix  
c a l i b r a t e d  v a r ia b le  c a p a c i t o r s .  The sam p le 's  conductance i s  compared 
t o  th e  v a r ia b le  impedances in  the  t r a n s fo rm e r  r a t i o  arms o f  th e  
b r id g e .  The de s ig n  i s  shown s c h e m a t ic a l ly  i n  d iagram 4 .1 8 .  The 
r a t i o  arms and v a r ia b le  ca p a c i ta n ce s  a re  shown and when th e  d e te c to r  
i s  re a d in g  a ze ro  c u r r e n t  th e  b r id g e  i s  ba lanced and th e  c a p a c i ta n c e  
and conductance o f  the  sample can be read f rom the  f r o n t  pane l o f  the  
b r i d g e .
The t ra n s fo rm e r  r a t i o  des ign  ensures e x tre m e ly  a c c u ra te  
measurements can be made. In  the  frequency  range up to  30kHz, the  
a b s o lu te  c a p a c i ta n c e  e r r o r  i s  b e t t e r  than  0.02?o. Between 30kHz and 
100kHz th e  accuracy  d rops to  around 0.5?6. A b so lu te  measurements o f  
conductance are  c o r r e c t  t o  w i t h i n  Vo a t  aud io  f re q u e n c ie s .  D u r ing  
th e  course  o f  an o p t i c a l  exper im en t (on sample S2) i t  was necessary  
t o  measure s m a l l  changes in  c a p a c i ta n c e .  Using the  G enera l Radio 
b r id g e ,  i t  was p o s s ib le  to  d e te c t  changes o f  0.001pF in  ~25pF. Th is  
im p l ie s  a r e l a t i v e  accu racy  o f  ~4 x 10 ^?6. R e la t iv e  conductance 
e r r o r s  were h ig h e r ,  b e ing  o f  the  o rd e r  o f  ~1?o a t  2KHz.
The s ig n a l  f re q u e n c ie s  ranged from 11Hz up to  100KHz and were
s u p p l ie d  u s in g  a L e v e l l  o s c i l l a t o r .  Capac itance  and conductance
-10va lu e s  were g e n e r a l l y  s e v e ra l  hundred p ic o fa ra d s  and down to  10 S 
r e s p e c t i v e l y  a t  m id - f re q u e n c y  va lues  (see s e c t io n  3 .7  f o r  d e t a i l s  
o f  th e  frequency  dependence o f  C and G). The Genera l Radio b r id g e  
was most u s e fu l  f o r  m easuring frequency  dependent da ta  due to  the
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wide fre q u e n cy  range a v a i l a b le  and i t s  h ig h  degree o f  accuracy  in  
m easur ing  C and G.
4 .1 2 b  Computer C o n t r o l le d  System
In  o rd e r  to  enab le  th e  measurement o f  lo n g  ca p a c i ta n c e  decays 
( t y p i c a l l y  1-3 days -  see chap te r  6) i t  was e s s e n t ia l  t o  use a 
com puter c o n t r o l l e d  m easuring system. A H e w le t t  Packard 4Z74A LCR 
m ete r was used f o r  t h i s  purpose. Th is  b r id g e  had tw e lv e  i n b u i l t  
m easur ing  f re q u e n c ie s  ra n g in g  from 100Hz t o  100KHz. S ig n a l  v o l ta g e s  
from  1mV up to  5V c o u ld  be a p p l ie d ,  a l th o u g h  measurements were 
g e n e r a l l y  taken  a t  a 100mV measuring s i g n a l .  S tra y  conductances and 
c a p a c i ta n c e s  o f  th e  t e s t  leads  were o f f s e t  by the  m eter and a l l  da ta  
was measured in  th e  h ig h  r e s o lu t io n  mode. T h is  enab led te n  da ta  
p o in t s  t o  be averaged b e fo re  the r e s u l t  was d is p la y e d  by the  m e te r .
C o n t ro l  o f  th e  system was perform ed by a S i n c l a i r  QL computer 
i n t e r f a c e d  to  th e  LCR b r id g e  by an CST (Cambridge Systems Technology) 
IEEE in t e r f a c e .  A S o la t ro n  7130 d i g i t a l  v o l tm e te r  was a ls o  a v a i la b le  
f o r  a u to m a t ic  te m p e ra tu re  re c o rd in g ,  in  c o n ju n c t io n  w i th  the  Glasgow 
U n iv e r s i t y  b u i l t  TCU. Th is  a l low ed a check t o  be made o f  te m pe ra tu re  
d r i f t  d u r in g  a lo n g  e xp e r im e n ta l  run .
The programmes developed by H o l la n d  (Ph.D . t h e s is  1987) were 
used f o r  th e  e x p e r im e n ts .  P o in ts  co u ld  be taken  each second (o r  
e v e ry  20 seconds which i s  u s e fu l  f o r  m easur ing  the  response o f  C o r  G 
when i l l u m i n a t i o n  i s  a p p l ie d  or removed). A f a c i l i t y  f o r  t a k in g  da ta  
p o in t s  eve ry  1, 3 o r  10 m inu tes  was a ls o  a v a i l a b le .  These were more 
u s e fu l  f o r  measurements over a long  t im e  s c a le .  P o in ts  taken in  
t h i s  way were th e  averages o f  up to  20 measured p o in t s .  Th is  has the  
e f f e c t  Of in c r e a s in g  measurement r e s o lu t i o n  and a l lo w s  changes o f  0.0083% 
to  be d e te c te d  ( e q u iv a le n t  to  0.05pF in  600 pF ).
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An e x te n s io n  t o  th e  LCR programme enab led  frequency  sweeps to  be 
c a r r i e d  o u t .  When conductance va lu e s  were r e l a t i v e l y  h ig h , ‘^ g r e a t e r
_9
th a n  10 S a t  h ig h e r  te m p e ra tu re s ,  frequency  sweeps
taken  on the  HP b r id g e  were i d e n t i c a l  to  those  taken on the  G enera l 
Radio b r id g e .
As conductance  va lues  dropped, w i th  d e c re a s in g  frequency  o r  
te m p e ra tu re ,  th e  computer c o n t r o l l e d  system was m easuring conductance 
to  around ±10%, (c a p a c i ta n c e  va lues  were s t i l l  a cc u ra te  to  0 .05pF in  
~600pF). At t h i s  p o in t  i t  became necessary  t o  use the  Genera l Radio 
b r id g e .  Conductance va lues  are compared in  graph 4 .20  where i t  can 
be seen t h a t  the  2kHz va lu e s  are c o n s is t e n t  a t  a l l  te m p e ra tu re s  on 
bo th  b r id g e s .  The 200Hz va lu e s  a re  a ls o  compared. Measurements o f  
conductance  below 10 S was taken on th e  Genera l Radio b r id g e  on th e  
lo w e r  f r e q u e n c ie s .
A n a ly s is  o f  th e  da ta  was c a r r i e d  ou t on the  S i n c l a i r  QL u s in g  
programmes d e s c r ib e d  by H o l la n d  (Ph.D. t h e s is  1987, ; see s e c t io n  
4 .1 3 ) .
4.13 Computer Programmes for AC Measurements
The programme deve loped by H o l la n d  to  c o n t r o l  th e  b r id g e  by 
means o f  th e  QL computer was w r i t t e n  i n  b a s ic .  I t  a l lo w s  data 
p o in t s  to  be taken  eve ry  second, 20 s e c . ,  1 m in . ,  3 m in. o r  eve ry  
10 m in. A degree o f  ave ra g in g  i s  c a r r i e d  ou t and th e  r e s u l t  i s  
d is p la y e d  on a m o n i to r  sc reen . The da ta  c o l l e c t i n g  p rocess may be 
i n t e r r u p t e d  a t  any t im e  to  a l lo w  a frequency  sweep to  be taken  to  
a l lo w  th e  s to ra g e  o f  the  da ta  on a d is c  o r  to  change the  frequency  o f  
d a ta  measurement.
A n a ly s is  programmes a l lo w  c a p a c i ta n c e  t o  be p lo t t e d  a g a in s t  t im e  
and conductance da ta  can be c o r re c te d  f o r  s e r ie s  re s is ta n c e  e f f e c t s .
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Frequency dependent da ta  can be c o r r e c te d  f o r  th e  conductance  
and s e r ie s  r e s is ta n c e  can be f i t t e d  by th e  computer u s in g  a l i n e a r  
f i t t i n g  r o u t i n e .
The frequency  sweep programme averages 20 p o in t s  a t  each frequency  
s u p p l ie d  by th e  b r id g e  and e i t h e r  o u tp u ts  the  data  t o  a d is c  o r  
p r i n t e r .
The p l o t t i n g  programmes a l lo w  a u to m a t ic  o r  manual s c a le  
s e t t i n g s  t o  be made on th e  axes and a ls o  a l lo w  f u n c t io n s  o f  x o r  y to  
be p l o t t e d .  T h is  i s  e x t re m e ly  u s e fu l  f o r  p l o t t i n g  lo g  ( t )  da ta  
(see  C hapter 7 ) .
4.14 DC Measurements
To measure dc conductances c i r c u i t  4.21 was s e t  up. Here, a 
c o n s ta n t  v o l ta g e  i s  a p p l ie d  ac ross  th e  sample and th e  c u r r e n t  i s  
measured. The v o l ta g e  drop  ac ross  th e  picoammeter i s  le s s  than  
100 yV (Data from meter handbook) wh ich i s  sm a l l  i n  com parison  w i t h  
th e  measuring v o l ta g e s  used.
A computer c o n t r o l l e d  system c o n s is t i n g  o f  a K e i t h le y  230 
programmable v o l ta g e  so u rc e ,  and a KeJ t h i y  483 a u to ra n g in g  p ic o m e te r .  A 
S i n c l a i r  QL computer was employed to  enab le  v o l ta g e  sweeps t o  be 
ta k e n .  Programme d e t a i l s  a re  shown in  d iagram 4 .2 2 ,  and a re  now 
d isc u sse d  b r i e f l y .  The v o l ta g e  source  i s  se t  up t o  produce a 
maximum and a minimum v o l ta g e  ( u s u a l l y  from +100mV to  -100mV i n  1 0 V  s te p s ) .  
Twenty c u r r e n t  re a d in g s  a re  taken  a u to m a t ic a l l y  f o r  each v o l ta g e  
and th e  average c u r r e n t  i s  c a lc u la t e d .  The r e s u l t i n g  I -V  
c h a r a c t e r i s t i c s  can now be o u tp u t  t o  a d is c  o r p r i n t e r .  A graph 
can a ls o  be o b ta in e d  by u s in g  a graph p l o t t i n g  programme.
I t  i s  necessary  t o  ta ke  a v o l ta g e  sweep in  o rd e r  to  d e te rm in e  
whe ther the  I -V  c h a r a c t e r i s t i c s  a re  l i n e a r .  At h ig h  e l e c t r i c  f i e l d s
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( u s u a l l y  g r e a te r  than  ~100mV) c a r r i e r  i n j e c t i o n  o ccu rs  and th e  
r e s is ta n c e  o f  th e  sample in c re a s e s  and becomes n o n - l i n e a r .  The lo w -  
v o l ta g e  l i n e a r  r e g io n  was used f o r  c a lc u la t e d  dc conductance  and 
pho toconduc tance  v a lu e s .
4.15 Sample Thickness Measurements
Sample th ic k n e s s e s  c o u ld  be measured by two te c h n iq u e s .
Both  r e l y  on o p t i c a l  in t e r f e r e n c e  and a re  b r i e f l y  d e s c r ib e d .
c>
The f i r s t  method in v o lv e d  th e  use o f  a V a r ia n  A-scope i n t e r ­
fe ro m e te r .  I n t e r f e r e n c e  f r i n g e s  a re  produced in  an a i r  wedge by 
l i g h t  o m it te d  by a sodium vapour lamp which i s  r e f l e c t e d  from  th e  
s i l v e r e d  s i l i c o n  sample ( s i l v e r i n g  in c re a s e s  the  r e f le c t a n c e  o f  th e  
s u r fa c e  and enab le s  th e  th ic k n e s s  measurement to  be pe r fo rm ed  more 
e a s i l y )  and th e n  from a g la s s  p la t e  th e  beam sh ines  th ro u g h .
M u l t i p l e  r e f l e c t i o n s  from the  p la t e  and sample produce th e  in t e r f e r e n c e  
f r i n g e s .  S ince  th e  sample i s  on a g la s s  s l i d e ,  a s te p  e x i s t s  a t  the  
p o in t  where th e  s i l i c o n  b o rd e rs  on to  the  g la s s .  I f  th e  s te p  i s  under 
th e  beam from th e  sodium lamp a d is ta n c e  o f f s e t  w i l l  be observed in  
th e  in t e r f e r e n c e  p a t t e r n .  By m easuring th e  o f f s e t  and sp a c in g  i t  i s  
s t r a ig h t f o r w a r d  t o  c a lc u la t e  th e  f i l m  th ic k n e s s .
The second te c h n iq u e  a ls o  r e l i e d  on th e  in t e r f e r e n c e  o f  l i g h t ,  
due to  m u l t i p l e  r e f l e c t i o n s  in  a t h i n  f i l m .  The t r a n s m i t t a n c e  o f  
th e  a -S i  sample was measured on SPUnicam 8000 s p e c tro p h o to m e te r  
and in t e r f e r e n c e  f r i n g e s  were observed in  th e  h igh  t r a n s m i t ta n c e  
re g io n  a t  lo n g  w a ve le n g th s .  To c a lc u la t e  d, the  sample th ic k n e s s ,  
l i g h t  i s  i n c id e n t  norm al to  th e  a -S i  s u r fa c e  and i s  r e f l e c t e d  from 
bo th  th e  a -S i  and th e  g la s s  s u b s t r a te .  The l i g h t  r e f l e c t e d  from the  
s u b s t r a te  undergoes a 180° phase change s in c e  ng^ > nQ^ass
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(n = r e f r a c t i v e  in d e x ) .  The c o n d i t i o n ,  t h e r e f o r e ,  f o r  maximum
r e f l e c t e d  i n t e n s i t y  i s  2d = (m + |)— , where X = w ave le n g th ,
nS i
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RF S p u t te r in g  u n i t  used f o r  p r e p a r in g  MA4 -  
a magnetron s p u t te r e d  a - S i  sample.
Electrode Substrate
RF supply Plasma
Gas i nGas o u t
Electrode
Diagram 4.4
Schem atic  d iagram  o f  a c a p a c i t i v e l y  coup led  g low d is c h a rg e  
system . The gas i n l e t  a l lo w s  S iH ^ mixed w i t h  A r , ! ^  o r  PH^
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Diagram 4.10
Graph showing th e  v a r i a t i o n  i n  te m p e ra tu re  when m o n ito re d  
c o n t in u o u s ly  d u r in g  an e xp e r im e n t  u s in g  l i q u i d  h e l iu m .
Filters Holder
Light Source
f i b r e - o p t i c
Diagram 4.11
O p t i c a l  bench la y o u t .  The l i g h t  sou rce  can be a la s e r  o r  
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Diagram 4.16
D e f i n i t i o n s  o f  a n g les  and d is ta n c e s  used i n  








































































































The b a s ic  r a t i o  ac b r id g e .
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o0° • 2kHz (dark)
0000 + 2kHz (4-6jjWcm"2)
d.c.(4-6jjWcm“ )
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0 100 200 T /K 300
The p o in ts  O and x were measured on both the General Radio Bridge and 
the  LCR meter and p lo tte d  on the graph. The p o in ts  0 and . were measured 
on ly on the LCR meter.
Diagram 4.20
Diagram comparing p o in t s  taken  w i t h  th e  G enera l Radlio 




DC m easur ing  c i r c u i t .
Dim ension A r ra y s  and s e t -u p  
com m unica tion  channe ls
I
In p u t  da ta  from d is c  
|  NO
E n te r  th e  maximum and minimum 
v o l ta g e s  which a re  t o  be a p p l ie d .
E n te r  th e  v o l ta g e  in c re m e n t .
i
A pp ly  th e  v o l ta g e  to  th e  sample 
1
Measure th e  c u r r e n t  20 t im e s  and 
o b ta in  an average v a lu e .  S to re  th e  
va lu e s  o f  I  and V i n  memory and re p e a t  
th e  p re v io u s  s te p  f o r  th e  n e x t  v a lu e  o f  V 
1
O utpu t da ta  t o  p r i n t e r ,  sc reen  o r
d is c  end
In p u t  f i le n a m e  and r e t r i e v e  da ta




Flow c h a r t  showing th e  d e t a i l s  o f  th e  
programme used f o r  o b ta in in g  I -V  c h a r a c t e r i s t i c s .
CHAPTER 5
5.1 Sample Characteristics
Three d i f f e r e n t  ty p e s  o f  sample were s tu d ie d  i n  th e  cou rse  o f  
t h i s  w ork . These were magnetron s p u t te r e d  a - S i ,  glow d is c h a rg e  
a - S i :H  and evapo ra ted  a-As^Se^. In  o rd e r  t o  check t h a t  ou r samples 
showed c h a r a c t e r i s t i c s  s i m i l a r  to  t h a t  seen in  p re v io u s  work (Long 1982, 
Long, M c M il la n ,  Ba lkan and Sum m erf ie ld  1988) the  samples were s tu d ie d  
i n  the  d a rk .  T h is  in v o lv e d  c o o l in g  th e  samples from room te m p e ra tu re  
down to  l i q u i d  h e l ium  te m p e ra tu re  and measuring t h e i r  conductances 
(b o th  dc and ac a t  s e le c te d  f re q u e n c ie s )  and c a p a c i ta n c e s ,  g e n e r a l l y  
a t  10K tem p e ra tu re  i n t e r v a l s .  F u l l  f requency  sweeps were taken  ove r 
a more l i m i t e d  range o f  te m p e ra tu re s .
5.2 Corrections to the Measured Conductivity
The ac b r id g e s  measure th e  t o t a l  c o n d u c t i v i t y  o f  a sample. T h is
can com prise  o f  c o n t r i b u t i o n s  from ^ a c > ar|d o f  the  sample as w e l l  as 
a c o n t r i b u t i o n  from th e  m easuring le a d s  and sample e le c t r o d e s .
F i r s t l y ,  th e  lead  and e le c t r o d e  r e s is ta n c e s  can be re p re s e n te d  
as a r e s i s t o r  i n  s e r ie s  w i t h  th e  sample (shown as a p a r a l l e l  
co m b in a t io n  o f  a r e s i s t o r  and c a p a c i t o r  in  diagram 5 . 1 ) .  T h is  i s
c a l l e d  th e  s e r ie s  r e s is ta n c e  and i s  denoted by R . Under c e r t a ino
c i r c u m s ta n c e s ,  Rq can be measured (Long and Balkan 1979, Long 1982) 
and i s  g e n e r a l l y  des igned to  be s m a l l  compared w i th  th e  sample 
r e s is ta n c e  by u s in g  low  r e s is ta n c e  le a d s  and t h i c k  e le c t r o d e s .
A n a ly s is  o f  the  e q u iv a le n t  c i r c u i t  shown in  d iagram 5.1 y i e l d s  
th e  f o l l o w in g  e q u a t io n s  f o r  th e  e f f e c t i v e  v a lu e s  o f  th e  c a p a c i ta n c e  
conduc tance .
I f  R << R when, a t low frequencies,
G __ = — and C = C ( 5 .3 )e f f  r e f f
As th e  fre q u e n cy  i s  in c re a s e d  th e  Rq te rm  becomes s i g n i f i c a n t
and to  f i r s t  o rd e r
G = G + cu2 C2R ( 5 .4 )e f f  o
Long e t  a l  (1979) and Long (1982) found t h a t  the  h ig h  frequency
(>20KHz) conductance v a lu e s  f o r  a-Ge samples were h ig h e r  than  expec ted .
By m easuring i t  was found t h a t  th e  s lo p e  o f  a vs lo g  co p l o t  was
2 2e q u iv a le n t  to  th e  u) C Rq te rm  a t  h ig h  f r e q u e n c ie s .  S u b t r a c t in g  t h i s
te rm  from g iv e s  th e  t r u e  conduc tance , G, f o r  the  sample.
In  th e  case o f  ITO backed samples we have o n ly  i n d i r e c t  measures
o f  th e  s e r ie s  r e s is t a n c e .  I t  i s  t h e r e fo r e  necessary t o  e s t im a te  Rq
from  th e  g r a d ie n t  o f  a lo g  G ^^ , vs lo g  w p l o t  a t  h igh  f re q u e n c ie s .
2 2Assuming t h a t  G ^ j -  «  co C Rq i n  t h i s  re g io n  a va lue  f o r  Rq can be
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o b ta in e d .  As an example, frequency  dependent; c o n d u c t i v i t y  da ta  f o r
D1 i s  shown, b o th  u n c o r re c te d  (g raph  5 .2 )  and c o r re c te d  (g raph  5 .17 )
f o r  th e  e f f e c t  o f  R . An e s t im a te  o f  R «  190fi i s  o b ta in e d .  Theo o
c u rv e s  converge  a t  h ig h  f re q u e n c ie s  a t  a l l  te m p e ra tu re s  as shown on 
graph 5 .2  im p ly in g  t h a t  Rq i s  independen t o f  te m p e ra tu re .  O ther ITO 
samples behave i n  a s i m i l a r  manner, w i t h  th e  h ig h  frequency  
conductances te n d in g  to  a common l i n e .  The va lu e s  o f  Rq range from 
~50£3 up to  ~200f2 depend ing upon the  sample, bu t  Rq va lues  a re  c o n s ta n t  
f o r  a p a r t i c u l a r  sample. Measurements on ITO f i lm s  c o n f i rm  t h a t  th e  
conductances measured a t  h ig h  fre q u e n cy  a re  due to  the  ITO and n o t  
t o  th e  m easur ing  le a d s  as these  c o n t r i b u t e  < 1 0 £ 2  to  the  s e r ie s  
r e s i s t a n c e .
The above p rocedu re  f o r  s e r ie s  r e s is ta n c e  c o r r e c t io n s  can th u s  
be a p p l ie d  to  o th e r  a -S i :H  d a ta .  S ince  Rq i s  no t s t r o n g ly  te m p e ra tu re  
dependent ( t r u e  f o r  t h i n  AL e le c t r o d e s  where boundary s c a t t e r i n g  
p redom ina tes  o r  f o r  ITO e le c t r o d e s )  then  th e  Rq va lue  can be used a t  
h ig h e r  te m p e ra tu re s .
A com puter programme, deve loped by H o l la n d  (Ph.D. t h e s is  1987)
was a v a i l a b le  t o  c a r r y  o u t  the  s e r ie s  r e s is ta n c e  c o r r e c t io n .
s 2  2Assuming t h a t  G f  ^  = Aw + w C Rq a t  low  tem pe ra tu res  then  an 
e s t im a te  o f  Rq can be f i t t e d  by th e  p rocedu re  d e sc r ib e d  e a r l i e r .  A 
l i n e  can then  be f i t t e d  t o  the  da ta  and Rq a d ju s te d  u n t i l  the  
optimum f i t t e d  l i n e  i s  o b ta in e d .  Such a p rocedu re  g e n e r a l ly  y i e l d s  
a v a lu e  o f  s «  1 a t  low te m p e ra tu re s  f o r  a - S i :H .  Th is  i s  comparable 
t o  accep ted  v a lu e s  (Long 1982) o f  s .
A f u r t h e r  d i v i s i o n  i n  the  t r u e  c o n d u c t i v i t y  can be made i f  ac 
and dc c o n d u c t io n  meechanisms a re  independen t o f  one a n o th e r ,  i . e .
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0 = 0dc + o ( 5 .5 )ac
E v idence  o f  whether th e  ac and dc co n d u c t io n  mechanisms are  
due to  th e  same processes  can be o b ta in e d  by c o n s id e r in g  the  
c a p a c i ta n c e  change w i th  f re q u e n c y .  I f  th e  ca p a c ita n ce  in c re a s e s  
w i t h  d e c re a s in g  f re q u e n cy  a s a t u r a t i o n  v a lu e  o f  c a p a c ita n ce  w i l l  be 
reached a t  low f re q u e n cy .  Th is  i s  due to  inhomogeneous re g io n s  o r  
c l u s t e r s  w i t h i n  the  medium (see C hapter 2 f o r  more d e t a i l s )  respond in g  
to  th e  a p p l ie d  f i e l d .  As th e  frequency  decreases more o f  these  
re g io n s  can respond u n t i l  a l l  the  re g io n s  a re  respond ing  and th u s  the  
c a p a c i ta n c e  s a tu r a te s  a t  a low frequency  i f  t h i s  type  o f  response
w i l l  be observed . T h is  i s  known as a lo s s  peak and i s  found in  
m a te r ia l s  where ac and dc co n d u c t io n  mechanisms are l i n k e d .  Loss 
peaks have been observed in  a-Ge, a -S i  and a -S i :H  (Long 1982, Long 
e t  a l  1983 and Long e t  a l  1985). In  a-As^Se^ (see S e c t io n  5 .1 2 )  no 
lo s s  peaks were observed and the  ac and dc con d u c t io n  mechanisms a re  
th o u g h t  t o  be independen t o f  one a n o th e r  ( a ls o  Long 1982 and E l l i o t t  
1988).
5 . 3  Dark C o n d u c t i v i t y
By s tu d y in g  th e  b e h a v io u r  o f  th e  ac and dc conductance w i th
fre q u e n cy  and te m p e ra tu re  i t  i s  p o s s ib le  to  o b ta in  in fo r m a t io n  about
th e  u n d e r ly in g  c o n d u c t io n  mechanisms. I K \s iaj'i II d l 's c w u e r f  m  +Jie 
n t  s.e. I Ov S.
occ u rs  then  i f  lo g d' i 'n "vJ P-*-°^ec* a 9 a i nst  log  a then  a peak
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5 .4  M agnetron S p u t te re d  a -S i
The da ta  showing how th e  da rk  c o n d u c t i v i t y  changes w i th
te m p e ra tu re  i s  p lo t t e d  on graph 5 .3 .  I t  can be seen t h a t  th e  t o t a l
-4c o n d u c t i v i t y  i s  g re a te r  than  10 S above 100K ( t h i s  va lue  i s  
com parab le  in  magnitude w i th  da ta  o b ta in e d  by Long e t  a l  (1988) on 
a - S i ) .  As the  tem p e ra tu re  drops from 100K to  around 25K th e  t o t a l  
conduc tance  f a l l s  r a p i d l y  by around two o rd e rs  o f  m agn itude . The 
g r a d ie n t  has a va lue  o f  about 6  between 40K and 100K. Below ~25K 
th e  t o t a l  conductance changes le s s  r a p i d l y  w i t h  te m p e ra tu re  and a 
g r a d ie n t  o f  around 0 .4  i s  found in  t h i s  r e g io n .
The two ju n c t io n s  s tu d ie d  show t o t a l  conductance va lu e s  d i f f e r i n g  
by a f a c t o r  o f  two, t o  w i t h i n  5%. S ince the  a reas o f  bo th  ju n c t io n s  
agree  to  w i t h i n  2 % and th e  th ic k n e s s e s  d i f f e r  by a f a c t o r  o f  2 . 0 0  
±2% i t  i s  obv ious  t h a t  th e  t o t a l  conductance s c a le s  w i th  th ic k n e s s .
The t o t a l  conductance i s  t h e r e fo r e  a p r o p e r ty  o f  the  b u lk  o f  the  
sam p le .
Conductance frequency  sweeps, w i t h  ^  v a ry in g  from 1 0 0 Hz to
100KHz have been p lo t t e d  on d iagram -£4. The graph shows the
t o t a l  conductance v a ry in g  w i th  f requency  a t  bo th  h ig h  (>25K) and low
(>25K) te m p e ra tu re s .  The g raph  shows the  ac conductance
c o r r e c te d  f o r  the  s e r ie s  re s is ta n c e  e f f e c t s  (see S e c t io n  5 .1 )  v a ry in g
w i t h  f re q u e n c y .
I t  can be seen t h a t  the  t o t a l  conductance tends tow ards the
measured dc va lue  as th e  f requency  decreases . At te m p e ra tu re s  under
10K th e  lo g  G vs lo g  go graphs a re  l i n e a r .  The g r a d ie n t ,  s ,  i s  
ac
measured t o  around 1. As the  te m p e ra tu re  r i s e s  th e  g r a d ie n t  and
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s dec reases .
The lo g  G vs lo g  T graph (g raph  5 .3 )  can be d iv id e d  i n t o  two 
te m p e ra tu re  reg imes in  th e  manner d e s c r ib e d  by Long (1985) f o r  a-Ge 
d a ta .  The low te m p e ra tu re  re g io n  o cc u rs  be low -20K and i s  a t t r i b u t e d  
t o  e l e c t r o n i c  t u n n e l l i n g  p rocesses w i t h i n  d e fe c ts .  In  the  h ig h  
te m p e ra tu re  re g io n s  (above ~40K) th e  ac lo s s  i s  a t t r i b u t e d  to  
e le c t r o n s  hopp ing between d e fe c ts  (Long 1988).
The weak te m p e ra tu re  dependence a t  low T has been ana lysed  by 
ana logy  w i th  the  a tom ic  t u n n e l l i n g  model (Long 1982, Long e t  a l  1985).
Here, th e  e l e c t r o n i c  processes re s p o n s ib le  f o r  the  ac lo s s  in  
amorphous s i l i c o n  a re  compared to  those  which g iv e  r i s e  to  ac lo s s  
i n  b u lk  g la s s e s .  In  b u lk  g la sse s  th e  lo s s  a r is e s  from r e la x a t i o n  
p rocesses  w i t h i n  groups o f  atoms t ra p p e d  in  m e ta s ta b le  s t a t e s .  T h is  
i s  ana logous to  the  e l e c t r o n i c  t u n n e l l i n g  t r a n s i t i o n s  w i t h i n  d e fe c t  
c l u s t e r s  i n  amorphous s i l i c o n .  Long e t  a l  c a lc u la te d  th e  e le c t r o n  
t u n n e l l i n g  d is ta n c e  us in g  t h i s  model and found a v a lu e  o f  ~2 0 nm.
T h is  i s  much g re a te r  than  the  t u n n e l l i n g  d is ta n c e  o f  1nm which i s  
c a l c u la t e d  from e x p e r im e n ta l  f i e l d  e f f e c t  d a ta .  T h is  im p l ie s  t h a t  an 
a d d i t i o n a l  mechanism i s  in v o lv e d  in  p ro d u c in g  the  observed ac lo s s  
i n  amorphous s i l i c o n  a t  low te m p e ra tu re s .  I t  i s  l i k e l y  t h a t  th e  ac 
lo s s  i s  due to  e le c t r o n s  t u n n e l l i n g  a d is ta n c e  o f  ~ 1 nm w i th  some 
a to m ic  rearrangem ent a ls o  ta k in g  p la c e .
Evidence f o r  d e fe c ts  o f  1nm in  s i t e ,  o f te n  c a l l e d  m ic ro v o id s ,  
has been o b ta in e d  by u s in g  s m a ll  a ng le  s c a t t e r i n g  te c h n iq u e s  <*.l .
The ac lo s s  in  the  h ig h  te m p e ra tu re  reg ime i s  a t t r i b u t e d  to  
hopp ing  between d e fe c t  s ta te s  (Long e t  a l  1988).
5 . 5  a - S i :H  Samples
The te m p e ra tu re  dependence o f  th e  t o t a l  c o n d u c t i v i t y  o f  i n t r i n s i c  
a -S i :H  sample can aga in  be d iv id e d  i n t o  two te m p e ra tu re  reg im es. In  
th e  th re e  ty p e s  o f  samples s tu d ie d  (see C hap te r 4 f o r  d e t a i l s  o f  S,
K and D samples) s i m i l a r  c h a c t e r i s t i c s  were found . Above 150K, in  S 
and K sam ples, th e  conductance decreases r a p i d l y  w i th  te m p e ra tu re .
T h is  can be seen on graphs 5 .5  to  5 .9  which show vs T f o r  the
v a r io u s  samples s tu d ie d .  The t o t a l  c o n d u c t i v i t y  approaches the  dc 
c o n d u c t i v i t y  around room te m p e ra tu re .  Below -100K i s  ve ry
w eakly  te m p e ra tu re  dependent and i s  c lo s e  to  a c o n s ta n t  va lue  in  a l l  
th e  samples s tu d ie d ,  excep t when g o ld  e le c t r o d e s  were used on sample 
S2. Here i t  can be seen (g raph  5 .1 1 )  t h a t  i s  p r o p o r t i o n a l  to
te m p e ra tu re  below -100K. T h is  w i l l  be d iscu sse d  in  g r e a te r  d e t a i l  
i n  s e c t io n  5 . 1 0 .
D1 shows s i m i l a r  b e h a v io u r ,  a l th o u g h  th e  te m p e ra tu re  range i s  
d i f f e r e n t  (see graph 5 .1 0 ) .
A peak i s  observed in  th e  lo g  vs T graphs a t  around 150K a t
2KHz in  undoped samples. At 200Hz t h i s  peak s h i f t s  to  120K.
The peak i s  no t due to  i n t r i n s i c  a - S i :H  la y e r  (denoted  as i - l a y e r )
b u t  i s  caused by th e  t h i n  n+ c o n ta c t  la y e r s  (Shimakawa e t  a l  1987,
Long e t  a l  1987). I f  these  n+ la y e r s  a re  t r e a te d  as a p a r a l l e l
c o m b in a t io n  o f  G and C in  s e r ie s  w i t h  th e  i - l a y e r  (whose t o t a l  s s
conductance and ca p a c i ta n ce  a re  and r e s p e c t i v e l y ) ,  as shown i n  
th e  e q u iv a le n t  c i r c u i t  (d iag ram  5 .1 3 )  then
8 1
and C = m
(C. G2+C G2 ) + co2C C (C.+C ) b s s b________ b s b s
(C,+G ) 2  + w 2  (C.+C ) 2  b s b s
( 5 . 7 )
A t h ig h  te m p e ra tu re s  G i s  l a r q e  and G = G, , C = C, . As th e  ^ r  s y m b ’ m b
te m p e ra tu re  dec reases  Gg dec reases  and c o n t r i b u t e s  t o  th e  v a lu e  o f  
Gm, g i v i n g
G = G . +  u 2 C^/G ( 5 . 8 )m b b s
As th e  te m p e ra tu re  f a l l s  f u r t h e r ,  th e  lo s s  a n g le s  i n  th e  n+
la y e r s  become s m a l l  ( i . e .  wCs Gs < 1) and th e  e q u a t io n  5 .8  no lo n g e r
h o ld s .  The c a p a c i ta n c e  o f  th e  n+ c o n ta c t  la y e r s  w i l l  now b e g in  t o
s h o r t  o u t  t h e i r  c o n t r i b u t i o n  t o  G^ w h ich  th e n  f a l l s  r a p i d l y .  The
c a p a c i ta n c e  d a ta  shows ana log ous  b e h a v io u r  and i t  can be obse rve d  t h a t
i t  f a l l s  from  C, t o  th e  s e r i e s  c o m b in a t io n  o f  C, and C ( th e s e  a re  b b s
c a l c u la t e d  from  th e  measured f i l m  t h i c k n e s s ) .  T h is  f u r t h e r  s u p p o r ts
th e  above model f o r  a s e r i e s  l a y e r .
The obse rved  in  th e  lo g  cr^o ^ vs T c u rv e  (g ra p h  5 .1 0 )
f o r  sample D1 i s  l i k e l y  t o  be due t o  an o x id e  la y e r  and i s  d is c u s s e d
more f u l l y  i n  S e c t io n  5 .17  w h ich  d e a ls  w i t h  th e  f re q u e n c y  dependence
o f  CT. , . t o t
The lo g  can be d i v id e d  i n t o  two reg im es . In  S and K
( i n t r i n s i c  sam p les) th e  c o n d u c t i v i t y  in c re a s e s  r a p i d l y  above 100K, 
a t  2KHz. T h is  i s  a t t r i b u t e d  t o  th e  o f  c a r r i e r s  u;i+kiVv
inhomogeneous re g io n s  (see  C h ap te r  2) i n  th e  a -S i :H  b u lk .  D samples 
a ls o  show a r a p id  dec rease  i n  lo g  w i t h  d e c re a s in g  te m p e ra tu re
( i l l u s t r a t e d  i n  g raph  5 . 1 0 ) .
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A+ low  te m p e ra tu re s  under -100K, where cr^ i s  a lm o s t
in d e p e n d e n t  o f  T a d i f f e r e n t  p rocess  i s  th o u g h t  t o  be r e s p o n s ib le .
The s t a t e s  r e s p o n s ib le  f o r  th e  ac lo s s  a re  deep s t a t e s  a round  th e
Fe rm i l e v e l .  The low  d e n s i t y  o f  s t a t e s  i n  th e  band gap 
16 -1 -3( a p p r o x im a te ly  10 eV cm -  o b ta in e d  from  space cha rge  l i m i t e d  c u r r e n t
18 _1 _3
te c h n iq u e s )  can be compared w i t h  th e  v a lu e s  o f  10 eV cm f o r
s p u t t e r e d  m a t e r i a l .  T h is  im p l ie s  t h a t  th e  ac c o n d u c t i v i t y  w i l l  be
-10 -1s m a l le r .  Fo r exam p le , i n  MA4, 0 ^ ^ = 2 .53  x 10 Scm and i n  an
- 1 2  -1a - S i :H  sam p le , p re p a re d  u s in g  g low d is c h a r g e ,  = 3 .1 6  x 10 Scm
a t  a te m p e ra tu re  o f  12.4K and a t  a m easur ing  f re q u e n c y  of2KHz. T h is
o b s e r v a t io n  i s  c o n s i s t e n t  w i t h  th e  observed  d e n s i t y  o f  s t a t e s  a round
th e  Ferm i l e v e l .  S ince  s decreases  w i t h  te m p e ra tu re  a c o r r e la t e d
ho p p in g  mechanism (see  C hap te r  2) i s  p ro b a b ly  r e s p o n s ib le  f o r  th e  lo s s .
T u n n e l l i n g  m odels i n  w h ich  s i s  te m p e ra tu re  in d e p e n d e n t  and p o la r o n ic
models where s in c re a s e s  w i t h  te m p e ra tu re  o r  i s  n o t  p r o p o r t i o n a l  can
a ls o  be d is c o u n te d ,  a t  l e a s t  as a d o m in a t in g  mechanism.
5 .6  DC C o n d u c t i v i t y
The te m p e ra tu re  dependence o f  th e  dc c o n d u c t i v i t y  was measured a t
th e  same t im e  as th e  ac c o n d u c t i v i t y .  The dc da ta  has been p l o t t e d
on th e  same g raphs  as th e  ac da ta  f o r  samples K9' and D1 , (g ra p h s
5 .8  and 5 . 6 ) .  I t  can be seen f o r  K9' t h a t  th e  dc conduc ta nce  i s  le s s  
- 1 2th a n  10 S a t  th e  lo w e s t  te m p e ra tu re s .  I t  was n o t  f e a s i b l e  t o  measure 
th e se  v a lu e s  a t  m easu r ing  v o l ta g e s  o f  1U0mV w i t h  th e  equ ipm ent used 
(see  C hap te r  4 ) .  V o l ta g e s  la r g e r  th a n  100mV may damage th e  sample 
o r  cause th e  d a ta  t o  be measured in  th e  n o n - l i n e a r  r e g io n  o f  th e  I -V  
c h a r a c t e r i s t i c s .  T h is  i s  p l o t t e d  in  graph 5 .1 4 .
The e q u iv a le n t  g raph  f o r  D1 shows t h a t  v a r ie s  s t r o n g l y  w i t h
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t e m p e ra tu re  a t  h ig h  te m p e ra tu re s  b u t  reaches  a s te a d y  v a lu e  o f  
- 1 11 .8  x 10 5 be low  70K. T h is  may be due t o  a s m a l l  le a k a g e  c u r r e n t
th ro u g h  th e  sam ple .
Measurements o f  th e  dc c o n d u c t i v i t y  o f  th e  i n t r i n s i c  a - S i :H
a re  c o m p l ic a te d  due to  a v a r i e t y  o f  re a s o n s .  The f i r s t  o f  th e se  a re
p ro b le m s  caused by th e  n+ c o n ta c t  l a y e r s .  One o f  th e s e ,  due to  th e
s e r i e s  n+ l a y e r  has a l re a d y  been d is c u s s e d  as f a r  as i t s  c o n t r i b u t i o n
t o  th e  measured ac c o n d u c t i v i t y  i s  c o n c e rn e d .  The n+ l a y e r  l i e s  on
to p  o f  th e  i n t r i n s i c  a -S i :H  la y e r  and makes c o n ta c t  w i t h  th e  ITO
b o t to m  e le c t r o d e  a t  th e  edges o f  th e  sam ple . T h is  has th e  e f f e c t  o f
i n t r o d u c i n g  a r e s i s t a n c e  i n  p a r a l l e l  w i t h  t h a t  o f  th e  i - l a y e r .  A t
h ig h  te m p e ra tu re s ,  when th e  r e s i s t a n c e  o f  th e  n+- l a y e r  i s  lo w ,  t h i s
e f f e c t i v e l y  s h o r t s  o u t  th e  c o n t r i b u t i o n  t o  th e  dc c o n d u c t i v i t y  from
th e  i - l a y e r .  The m agn itude  o f  th e  t o t a l  c o n d u c t i v i t y  due t o  th e
n+ - l a y e r  has been deduced from th e  measured c o n d u c t i v i t y ,  G^, and
from  e q u a t io n  5 .8 .  T h is  i s  i n d i c a t e d  on th e  lo g  vs T p l o t s  f o r
th e  v a r io u s  samples s tu d ie d ,  c a l c u l a t i n g  th e  a c t i v a t i o n  energy  from
th e  lo g  ( c o n d u c t i v i t y  deduced f o r  n+ l a y e r )  a g a in s t  1/T p l o t s  g iv e
a v a lu e  o f  E r  (0 .2 6  ± 0 . 0 O  eV ( f o r  sample K11). T h is  i s
i d e n t i c a l  t o  a c t i v a t i o n  energy  found  from  n+ sample (D1) where
E = (0 .2 3  ± O .O D eV . a
A f u r t h e r  c o m p l ic a t io n  a r i s e s  from  an o x id e  l a y e r  between th e  
e l e c t r o d e - s i l i c o n  i n t e r f a c e .  Such a la y e r  can be t r e a t e d  as a s e r ie s  
l a y e r  i n  th e  same manner as th e  n+ l a y e r s .
The p la te a u  obse rved  in  th e  lo g  vs lo g  co p l o t s  (see S e c t io n
5 .6  f o r  d e t a i l s  o f  th e  f re q u e n c y  dependence o f  ^ and
g raphs  5 .1 7  t o  5 .1 9 )  i s  due to  th e  o x id e  l a y e r .  The o x id e  b a r r i e r
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dom in a te s  - th e  low  f re q u e n c y  c a p a c i ta n c e  (w h ich  i s  o f  th e  o r d e r
o f  s e v e r a l  nctnofarads i n  D1  be low  a m easu r ing  f re q u e n c y  o f  ~22Hz) and
d c .  . c o n d u c ta n c e .  The- c.or\cl iyictcm.ce of- tin.$_ p lc \ t2.a.ui
region IS _domina.te.cl Ljij. tk<z~'--fcutlkr oj-- trWo. sa 'H ^p le  • k . The
co n d u c ta n ce  on th e  p la te a u  r e g io n  i s  p l o t t e d  on a lo g  a v s  1/T  graph
(g ra p h  5 . 1 5 ) .  The a c t i v a t i o n  ene rgy  f o r  c o n d u c t io n  a c ro s s  t h i s
l a y e r  has been c a l c u la t e d  t o  be E ~  (0 .2 3  =. 0 .0 3 )  eV.a •
5.7 Frequency Dependent Conductivity in Glow Discharge Samples
A t te m p e ra tu re s  be low  ~50K, th e  f re q u e n c y  dependence o f  i s
v e ry  s i m i l a r  f o r  S, K and D sam p les . The g raphs 3 .17  t o  5 .1 9  show 
a t o t  VS p l o t t e d  on lo g  s c a le s .  I t  can be seen t h a t  a power law
S —r e l a t i o n  i s  obeyed w i t h  ^ ot w . The v a lu e  o f  s can be o b ta in e d  from
th e  g r a d ie n t  and i s  a round  one a t  th e  lo w e s t  te m p e ra tu re s  (~ 1 2 K ).  In  
sample D1 s v a r ie s  from  1 .0 0  ± 0 .0 5  t o  0 .9 0  ± 0 .05  between 1 2 . 4 K and 70K. 
I t  can be seen t h a t  t h e r e  i s  l i t t l e  v a r i a t i o n  in  th e  lo g  vs lo g  w
p l o t s  between these  te m p e ra tu re s  (g ra p h  5 .1 7 ) .
V a lues  o f  s have been p l o t t e d  a g a in s t  T f o r  th e  v a r io u s  sam p les . 
Graph 5 .2 0  shows t h i s  f o r  S and K sam p les . A t low te m p e ra tu re s ,
s = 1 .0 0  ± 0 .0 5  and s de c re a se s  as te m p e ra tu re  in c r e a s e s .  The change
i s  p r o p o r t i o n a l  t o  te m p e ra tu re  and t h i s  b e h a v io u r  has been n o te d  by 
o th e r  re s e a rc h e rs  f o r  g lo w - d is c h a r g e  a - S i :H  (Shimakawa e t  a l  1987,
Long 1988 ) .
The s vs T p l o t  f o r  D1 (g ra p h  5 .2 0 )  shows t h a t  s i s  c o n s ta n t  and
has a v a lu e  o f  1 .00  ± 0 .0 5  from  13.5K t o  70K. Beyond 70K s dec reases
r a p i d l y  u n t i l  1 2 0 K i s  re a c h e d .
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5 .8  Inhomogeneous Model A p p l ie d  t o  a - S i :H
Long (1989 )  p roposed  a model i n v o l v i n g  h ig h  c o n d u c t i v i t y  r e g io n s  
w i t h i n  a backg roun d  m a t e r i a l  t o  accoun t f o r  th e  f re q u e n c y  dependent 
r e s u l t s  i n  a - S i : H .  T h is  i s  d is c u s s e d  i n  C hap te r  2 and th e  r e s u l t s  a re  
now a p p l ie d  t o  d a ta  from  undoped and doped a - S i :H .
Assuming t h a t  th e  dc c o n d u c t i v i t y  i s  s im p ly  a c t i v a t e d  g iv e s
( 5 . 9 )
and th e  a b s o lu te  ac c o n d u c t i v i t y  a i s  c a l c u l a t e d ^  The h ig h  f re q u e n c ym
d a ta  in  th e  lo g  ^ vs lo g  co p l o t s  can be seen to  obey a power la w ,
th u s
( 5 .1 0 )
f ro m  o b s e r v a t io n s  on d a ta  by Long (1 9 8 9 ) ,
e m p i r i c a l l y . ( 5 .1 1 )
o
and Cq = th e  c o n c e n t r a t i o n  o f  h ig h  c o n d u c t i v i t y  re g io n s  
cot^  = th e  reduced  a n g u la r  f re q u e n c y .
The c o n d u c t i v i t y  a  can be w r i t t e n  asJ mm
a = C a e x p ( -E  / k DT )(we, e / a  ) m o o  r  o' B o  b o  o
( 5 .1 2 )
By t a k in g  th e  l o g a r i t h m  o f  each s id e  we o b ta in
lo g  a  = A + lo g  Boo - X lo g  Bco ( 5 .1 3 )
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where A and B a re  c o n s ta n ts .
A t a c o n s ta n t  f re q u e n c y  lo g  am a T , from  5 .1 5 .  The s o l i d  l i n e s  
shown in  th e  lo g  <7^  ^ a g a in s t  T p l o t s  a re  f i t t e d  u s in g  t h i s  e q u a t io n .
I t  can be seen t h a t  t h i s  o n ly  a p p l i e s  a t  h ig h  te m p e ra tu re s  and when
th e  dc c o n d u c t i v i t y  i s  much le s s  th a n  th e  ac c o n d u c t i v i t y .
In  f i t t i n g  e x p r e s s io n  5 .12  t o  th e  c o n d u c t i v i t y  d a ta  Tq must be 
fo u n d .  T h is  can be ta k e n  as th e  te m p e ra tu re  a t  w h ich  th e  2 kHz and 
200Hz l i n e s  i n t e r s e c t .  S ince  T = Tq a t  t h i s  p o in t  e q u a t io n  5 .12  
can now be s i m p l i f i e d  and g iv e s
lo g  a = lo g  C a -  E / k  T ( 5 . 1 4 )^ m ^ o o  o B o
Thus C a can be found  i f  E i s  known. T h is  i s  found  u s in g  5 .9 .  o o  o
The v a lu e  o f  o^ can a ls o  be o b ta in e d  from  th e  g r a d ie n t s  o f  th e  lo g
° m vs T g ra p h s .  A com pa r ison  can th e n  be made between th e  v a lu e s
o b ta in e d  f o r  a , i f  C i s  e s t im a te d  as a round  0 .1 .  o o
_ i
Long (1989) found  t h a t  f o r  an S - ty p e  sample t h a t  C^Gg ~  ^00 Sm
w i t h  C - 0 . 1  and a ls o  found  a ~  10 5m from  th e  2kHz q r a d ie n t .  o o ^
V a lues  have been c a l c u l a t e d  f o r  v a r io u s  S and K samples and a re  shown 
i n  T ab le  5 .2 1 .
A l th o u g h  some samples f i t  th e  model w e l l  ( e . g .  Long 1989, Sample
5 1 ) ,  o t h e r s  do n o t .  Fo r exam ple , i n  K 1 2  th e  2kHz and 200Hz h ig h
te m p e ra tu re  d a ta  run  p a r a l l e l  to  one a n o th e r .  T h is  makes i t  im p o s s ib le
t o  e s t im a te  Tq f rom  their* (Afer.sec.-fton. S i m i l a r l y  i t  i s  im p o s s ib le  t o
o b t a in  a T v a lu e  f o r  S3 w i t h  O  e le c t r o d e s  u s in g  t h i s  te c h n iq u e ,  
o
S2, S3 ( A l  e l e c t r o d e s )  and K9 g iv e  p l a u s i b l e  r e s u l t s  f o r  oq 
a l th o u g h  d is c r e p a n c ie s  o c cu r  between oq v a lu e s  c a lc u la t e d  by th e
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two methods used,
A p o s s ib le  reason  f o r  th e  d i f f e r e n c e s  observed  i s  due t o  th e  
a s su m p t io n  made f o r  th e  d i s t r i b u t i o n  o f  inhomogeneous r e g io n s ,  An 
e x p o n e n t ia l  d i s t r i b u t i o n  i s  assumed, b u t  t h e r e  i s  no reason  why 
a n o th e r  fo rm  ( e .g .  G auss ian  d i s t r i b u t i o n )  canno t be used.
The models p re s e n te d  by b o th  Long (1988) and Dyre  (1987) 
d e r i v e  t h a t
The samples m a n u fa c tu re d  u s in g  g low  d is c h a rg e  te c h n iq u e s
( a - S i : H )  f i t  t h i s  r e l a t i o n  (shown by K1 1  d a t a ) .  P re v io u s  r e s u l t s ,
on s i m i l a r  m a t e r i a l s  (Long 1988) show t h a t  th e se  a ls o  have
s = 1  -  T/T .o
Doped a - S i :H  (sam ple  D1 ) c l e a r l y  does n o t  f o l l o w  t h i s  la w ,  as 
shown on graph 5 .2 0 .  H ere , a p l o t  o f  s vs T has a g r a d ie n t  w h ich
p/eA icjtc j .  by  5 . 1 5 . An a l t e r n a t i v e
e x p la n a t io n  i s  t h e r e f o r e  n e c e s s a ry .
A p o s s ib le  reason i s  t h a t  th e  low  due to  deep s t a t e s  (s  «  1 ) 
c o n t r i b u t e s  to  a as th e  c o n t r i b u t i o n  due t o  inhomogeneous re g io n s  
d e c re a s e s .  I f  t h i s  p ro c e s s  o c c u rs  more r a p i d l y  (as T d e c re a s e s )  
i n  D1 th a n  i n  S o r  K samples th e n  th e  e f f e c t  would be f o r  S t o  become 
c lo s e r  t o  one a t  a h ig h e r  te m p e ra tu re ,  w h ich  i s  observed i n  g raph  5 .2 0 .  
5 . 9 Method o f  C o n ta c t  E v a p o r a t io n
C o n ta c ts  were e v a p o ra te d  u s in g  r e s i s t i v e  h e a t in g  w i t h i n  a vacuum 
chamber (base p re s s u re  -1 0  ^ T o r r ) .  A lum in ium  e le c t r o d e s  were 
e v a p o ra te d  on to  sample S3. The c o n ta c t s  p re p a re d  in  t h i s  way were n o t  
s a t i s f a c t o r y  because o f  " ju m p s "  o c c u r r in g  i n  th e  c a p a c i ta n c e  d a ta ,  
a t  a r b i t r a r y  t im e s ,  due t o  poor c o n ta c t  t o  c e r t a in  p a r t s  o f  th e  sam ple .
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By ch ang in g  th e  e v a p o r a t io n  sys tem  to  a c le a n e r  e v a p o ra to r  w h ich  can 
be pumped down t o  ~ 6  x 10 ^ T o r r ,  b e t t e r  c o n ta c ts  were o b ta in e d .  A l  
c o n ta c t s  p re p a re d  i n  t h i s  sys tem  were f r e e  from d i s c o n t i n u i t i e s  in  
th e  d a t a .
I t  was su s p e c te d  t h a t  th e  p rob lem s  were caused by v o l a t i l e  
i m p u r i t i e s  b e in g  t r a p p e d  on th e  a - S i  s u r fa c e  as th e  A l  condenses 
on th e  sam ple . By e l i m i n a t i n g  th e  oxygen by d e c re a s in g  th e  p re s s u re  
t h i s  p rob lem  was s o lv e d .
5.10 The Effect of the Electrode Material on the Dark Characteristics
E x p e r im e n ts  u s in g  s e m i - t r a n s p a r e n t  g o ld  e le c t r o d e s  on a -S i :H  
(sam p le  52) showed t h a t  a h ig h e r  th a n  u s u a l  lo s s  was ob se rve d .  
Comparison w i t h  d a ta  o b ta in e d  by Shimakawa e t  a l  (1987) show t h a t  th e  
t o t a l  c o n d u c t i v i t y  i s  a round  one o r d e r  o f  m agnitude le s s ,  a t  low  
te m p e ra tu re s  when a lu m in iu m  e le c t r o d e s  a re  used. F u r th e r  e x p e r im e n ts  
w i t h  A l  e le c t r o d e s  on t h i s  p a r t i c u l a r  sample c o n f i rm e d  t h a t  th e  lo s s  
i s  indeed  h ig h e r  when u s in g  Au e le c t r o d e s  (g raphs  5 .5  and 5 . 1 1 ) .  Below 
-100K f o r  52 w i t h  Au e le c t r o d e s ,  th e  c o n d u c t i v i t y  i s  p r o p o r t i o n a l  t o  
te m p e ra tu re .  Such a r e s u l t  i s  p r e d ic t e d  f o r  u n c o r r e la te d  hopp ing  
between s t a t e s  nea r th e  Ferm i l e v e l  ( A u s t in  and M o tt  1969) b u t  has
v i r t u a l l y  neve r been obse rved  (Long 1982 ). T h is  su g g e s ts  t h a t  t h e r e
has been a degree  o f  d i f f u s i o n  i n t o  th e  A -S i :H  by Au atoms.
O the r  m a t e r i a l s ,  such as C u-N i and C r, used f o r  e le c t r o d e s  on
a - S i :H  a ls o  cause th e  low  te m p e ra tu re  c o n d u c t i v i t y  t o  be enhanced due 
t o  m e t a l l i c  d i f f u s i o n .  T h is  i s  shown in  g raphs 5 .8  and 5 .12
where th e  low  te m p e ra tu re  c o n d u c t i v i t y  f o r  samples K9 and S2 can be 
fo u n d .  These v a lu e s  o f  low  te m p e ra tu re  c o n d u c t i v i t y  a re  g r e a te r  than  
th o s e  f o r  th e  same sam ples when A l  e le c t r o d e s  were used.
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5.11 Electrode Requirements for Optical Experiments
In  o rd e r  t o  f i n d  s u i t a b l e  e le c t r o d e  m a t e r ia l s  used i n  o p t i c a l  
e x p e r im e n ts  a number o f  f a c t o r s  must be c o n s id e re d .  I d e a l l y ,  a t  l e a s t  
one e le c t r o d e  s h o u ld  be s e m i - t r a n s p a r e n t  to  a l lo w  th e  i l l u m i n a t i o n  
o f  th e  a - S i  j u n c t i o n s .  The e le c t r o d e  s h o u ld  have a low  s e r i e s  r e s i s t a n c e  
( p r e f e r a b l y  unde r 1 0 0 f t)  so as n o t  t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  th e  
h ig h  f re q u e n c y  lo s s .  The m a t e r i a l  used s h o u ld  be u n r e a c t i v e  t o  p re v e n t  
o x i d a t i o n  and s h o u ld  n o t  d i f f u s e  i n t o  th e  f i l m s  and in t r o d u c e  p a th s  
o f  lo w e r  r e s i s t a n c e .
The v a r io u s  m a t e r i a l s  d e s c r ib e d  i n  th e  p re v io u s  s e c t io n  a re  now 
c o n s id e re d  f o r  t h e i r  s u i t a b i l i t y  as e le c t r o d e s .  A lum in ium  e le c t r o d e s  
o f  a s u i t a b l e  t h i c k n e s s  a re  known t o  have an open g r a n u la r  s t r u c t u r e  
and te n d  t o  d e t e r i o r i a t e  a f t e r  a s h o r t  l e n g th  o f  t im e ,  p resum ab ly  
due t o  o x i d a t i o n .  T h e i r  o p t i c a l  p r o p e r t i e s ,  i . e .  r e f l e c t a n c e  and 
t r a n s m i t t a n c e ,  a ls o  change w i t h  t im e .  The s e r ie s  r e s is t a n c e  w i l l  
a ls o  in c r e a s e  as th e  e le c t r o d e s  d e t e r i o r a t e .
M a t e r i a l s  such as Au o r  Cr d i f f u s e  to  such an e x te n t  as t o  mask 
th e  low  te m p e ra tu re  c o n d u c t i v i t y  and a re  t h e r e f o r e  u n s u i t a b le  f o r  
s t u d y in g  o p t i c a l l y  in d u c e d  lo s s .  Cu-N i e le c t r o d e s  d i f f u s e  t o  a 
le s s e r  e x te n t  b u t  a re  p rone  t o  d e t e r i o r a t i o n .
The most u s e f u l  c o n ta c t  m a t e r i a l  was found to  be ITO. T h is  i s  
an o x id e  o f  in d iu m  and t i n  and i s  s e m i - t r a n s p a r e n t  i n  t h i n  f i l m  fo rm . 
A l th o u g h  a h ig h  s e r i e s  r e s i s t a n c e  (> 1 00ft) was observed  i n  some samples 
u s in g  t h i s  m a t e r i a l  th e  ac lo s s  was o f  th e  same o rd e r  o f  m agn itude  in  
A l / a - S i : H / I T 0  samples as i n  A l / a - S i : H / A l  sam ples. ITO i s  t h e r e f o r e  
n o t  p rone  t o  d i f f u s i n g  i n t o  a -S i :H  and th e  e le c t r o d e s  were n o t  
obse rved  to  d e t e r i o r a t e  o v e r  p e r io d s  o f  s e v e ra l  weeks s in c e  th e  s e r ie s  
r e s i s t a n c e  rem ained th e  same ove r  t h i s  t im e .
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5 .1 2  A r s e n ic  S e le n id e  Sample
5 .1 2 ( a )  Tem pera tu re  Dependence o f  th e  C o n d u c t i v i t y
The t o t a l  conduc tance  o f  th e  a r s e n ic  s e le n id e  f i l m  was measured 
from  1.2K up to  42OK. A lo g  (c o n d u c ta n c e )  vs lo g  T p l o t  was 
c o n s t r u c te d  and i s  shown in  d iag ram  5 .2 2 .  The graph shows t h a t  th e  
con d u c ta n ce  a t  2kHz) in c re a s e s  s lo w ly  above 1.2K ~ 4K. The
in c re a s e  th e n  becomes more r a p i d ,  w i t h  a g r a d ie n t  o f  - 0 . 5  u n t i l  
-2 0 K . Here th e  s lo p e  f a l l s  t o  a round  0 .2 5  u n t i l  a becomes c o n s ta n t  
between 150K and 200K. T h is  b e h a v io u r  c o n t in u e s  up to  345K. A t  t h i s  
te m p e ra tu re  th e  v a lu e  o f  b e g in s  t o  in c re a s e  by abou t an o rd e r  o f
m a gn itude  t o  -420K w i t h  a s lo p e ,  on a lo g  ^  ^ vs 1/T p l o t  
e q u i v a le n t  t o  th e  dc a c t i v a t i o n  ene rgy  o f  0 .9 5  eV.
The low  te m p e ra tu re  a d a ta  (up t o  2CK) i s  p r o p o r t i o n a l  t o  T .
T h is  b e h a v io u r  i s  r e m in is c e n t  o f  t h a t  obse rved  in  a - S i :H  when Au 
e le c t r o d e s  a re  used, as was th e  case i n  t h i s  p a r t i c u l a r  a-As^Se^ 
sam p le .  A n n e a l l in g  th e  sample ( a t  T > 350K o ve r  s e v e r a l  h o u rs )
had th e  e f f e c t  o f  r e d u c in g  th e  room te m p e ra tu re  c o n d u c t i v i t y  by -5% 
when th e  sample co o le d  back down t o  room te m p e ra tu re .
The te m p e ra tu re  dependent d a ta  i s  s i m i l a r  to  t h a t  found by 
H o l la n d  (P h .D . T h e s is  19 8 7 ) .  T h is  work in v o lv e d  the  same ty p e  
o f  measurement on a s p u t t e r e d  sample w i t h  Au to p  and bo ttom  e le c t r o d e s .  
5 .1 2 ( b )  DC C o n d u c t i v i t y
The p l o t  o f  lo g  vs 1 /T  shown i n  g raph  5 .24  i s  l i n e a r  a t  h ig h  
te m p e ra tu re  w i t h  an a c t i v a t i o n  energy  0 .9 5  eV o b ta in e d  from i t s  g r a d ie n t .  
M o t t  and D a v is  (1979 e d i t i o n  p458) a v a lu e  o f  0 .905  eV f o r  th e
a c t i v a t i o n  ene rgy  (Edmond, T. 1966).
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5.12(c) FrequencyBependent Effects
Frequency sweeps a re  shown i n  g raph  5 .2 3 ,  a long  w i t h  some
The f re q u e n c y  d a ta  shows t h a t  th e  v a lu e  o f  approaches th e
dc c o n d u c t i v i t y  v a lu e  a t  low  f r e q u e n c ie s  and h ig h e r  te m p e ra tu re s .
As th e  f re q u e n c y  in c r e a s e s ,  a ls o  in c re a s e s  and i s  g e n e r a l l y
p r o p o r t i o n a l  to  f r e q u e n c y ,  as th e  room te m p e ra tu re  d a ta  shows. Here
i n  th e  te m p e ra tu re  range  from  290K t o  420K. The t o t a l  c o n d u c t i v i t y
changes from  b e in g  s t r o n g l y  f re q u e n c y  dependent to  dc b e h a v io u r  a t
a round  360K. I t  i s  i n  t h i s  r e g io n ,  i . e .  th e  t r a n s i t i o n  t o  n o n - d is p e r s iv e
b e h a v io u r ,  t h a t  lo s s  peaks a re  found i n  a - S i :H  (see S e c t io n  5 .8 ) .
5.13 Models for the Observed Behaviour of a. . with T and u)tot
I t  has been p roposed  t h a t  ac and dc c o n d u c t io n  mechanisms a re  
u n r e la t e d  in  c h a lc o g e n id e  m a t e r i a l s  (Long 1982, E l l i o t t  19 8 8 ) .  The 
dc c o n d u c t i v i t y  i s  l i k e l y  t o  be due t o  band c o n d u c t io n  and th e  ac 
c o n d u c t i v i t y  due t o  r e l a x a t i o n  p ro c e s s e s .
The low  te m p e ra tu re  ac c o n d u c t i v i t y  has been a t t r i b u t e d  t o  an 
a to m ic  t u n n e l l i n g  mechanism ( E l l i o t t  1988 ). In  such a p ro ce ss  t u n n e l l i n g  
between atoms o r  g roups  o f  atoms t ra p p e d  i n  m e ta s ta b le  s t a t e s  
w i l l  r e s u l t  i n  a range  o f  r e l a x a t i o n  r a t e s .  C a l c u la t in g  th e  ac 
c o n d u c t i v i t y  (Long e t  a l  1 9 8 5 ) ,  r e s u l t s  i n  th e  f o l l o w in g  e x p r e s s io n .
s -  1 .0 0  ± 0 .0 5 .
P l o t t i n g  lo g  vs lo g  w shows t h a t  no lo s s  peaks a re  obse rved
( 5 .1 6 )
and
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1 m _ 
5 = 1 + ln(2kT/wBT ~ 1 a t  low  T. ( 5 .1 7 )
where B = a c o n s ta n t  <xnA f  i% a  fu n d rio n . of Ch.
I t  i s  assumed t h a t  th e  d ip o le  moment i s  in d e p e n d e n t  o f  i t s  
t u n n e l l i n g  c o u p l in g  p a ra m e te r ,  and s i n g l e  phonon c o u p l in g  i s  i n v o lv e d .
The a to m ic  t u n n e l l i n g  model p r e d i c t s  t h a t  th e  ac c o n d u c t i v i t y  
w i l l  be w e a k ly  te m p e ra tu re  dependent and t h a t  th e  f re q u e n c y  exponen t 
s w i l l  be c lo s e  t o  1 .
The low  te m p e ra tu re  d a ta  p l o t t e d  on g raph  5 .22  shows a weak 
te m p e ra tu re  dependence. The p o s s i b i l i t y  o f  th e  p r o p o r t i o n a l i t y  o f  
O fo t  t o  Tx be low  -10K b e in g  due t o  d i f f u s i o n  o f  the  g o ld  sample 
e le c t r o d e s  c a n n o t  be r u le d  o u t .  (See S e c t io n  5 .9  w h ich  d e a ls  w i t h  Au 
d i f f u s i o n  i n  a - S i : H . )
The v a lu e  o f  _s i s  found  to  be c lo s e  t o  1 f o r  a l l  te m p e ra tu re s  up 
t o  room te m p e ra tu r e .  T h is  aga in  s u p p o r ts  th e  idea  t h a t  th e  lo s s  i s  
due to  a to m ic  t u n n e l l i n g  a t  low te m p e ra tu re s .
The ac and dc c o n d u c t io n  mechanisms a re  u n l i k e l y  t o  be r e l a t e d .
Dc c o n d u c t i v i t y  i s  p ro b a b ly  due to  th e  a c t i v a t i o n  o f  c a r r i e r s  ac ro ss  
th e  band gap, r a t h e r  th a n  by a v a r ia b le - r a n g e  h o p p in g  mechanism which
r e l a t i o n  above room te m p e ra tu re ,  f u r t h e r  e v idence  f o r  a band 
c o n d u c t io n  mechanism can be o b ta in e d  from  th e  dc a c t i v a t i o n  energy  o f  
~0 .95eV. I f  th e  F e r m i - l e v e l  l i e s  c lo s e  to  th e  m id d le  o f  th e  gap then  
th e  band gap «  2x »  1 .9  eV. T h is  i s  c lo s e  to  th e  v a lu e  o b ta in e d  
by Shimakawa (1982 ) o f  1 . 8 eV. The absence o f  lo s s  peaks i n  dG/dv 
cu rv e s  a ls o  s u p p o r ts  th e  id e a  o f  indepe nden t ac and dc mechanisms.
obeys a T-z* lo w .  The As^Se^ dc da ta  can be seen to  obey a 1/T
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I f  9 lo s s  peak i s  fo u n d ,  th e  dc. y&e.^coid-heit. -f-kyou^k.
^  K4.+W/ov^C Oj~ <’«.^>0A5 0 j-  a f^ e -W n ^  c o n .d u c + \0 i+x j
w k ick  i^v/e He. <t*.kcK*c.s,cL «+ k i j k S u c h  b e h a v io u r  i s
e xp e c te d  t o  o c c u r  above -300K in  th e  As 2 Se^ sam ple , b u t  i s  n o t  
o b s e rv e d .  The t o t a l  c o n d u c t i v i t y  can th u s  be w r i t t e n  as
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Log(Frequency/Hz)
Graph 3.2
Frequency dependent c o n d u c t i v i t y  f o r  an n+ sam ple ,
D1, u n c o r r e c te d  f o r  s e r ie s  r e s i s t a n c e .  The a p p r o p r ia te  
te m p e ra tu re s  a t  w h ich  each s e t  o f  d a ta  was measured i s  
i n d i c a t e d  on th e  g ra p h .
_ - J








The te m p e ra tu re  dependent c o n d u c t i v i t y  f o r  a m agnetron  s p u t te r e d  
a - S i  sam ple , MA4. The d a ta  i s  c o r r e c te d  f o r  s e r i e s  r e s i s t a n c e .
The c ro s s e s  ( x )  i n d i c a t e  th e  t h i n  j u n c t i o n  and th e  d o ts  ( • )  
r e p re s e n t  th e  t h i c k  j u n c t i o n .
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Log(Frequency/Hz)
Graph 5.4
The f re q u e n c y  dependent c o n d u c t i v i t y ,  a f t e r  c o r r e c t i o n  
f o r  th e  s e r i e s  r e s i s t a n c e ,  f o r  MA4. The a p p r o p r ia t e  






T em pe ra tu re /1 0  K
Graph 5 .5
The te m p e ra tu re  dependence o f  th e  c o n d u c t i v i t y  
f o r  S2, an n - i  sam p le , w i t h  a lum in ium  e le c t r o d e s .
log(conductance/5cm )
200 Hz
Cr/Al top x Al top
electrodeelectrode
- 1 3
• s c a le x s c a le
0
2T e m p e ra tu re /1 0 K
Graph 5 .6
The te m p e ra tu re  dependent c o n d u c t i v i t y  f o r  S3 a t  
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T em p e ra tu re /1 0  K
Graph 5.7
The dependence o f  th e  c o n d u c t i v i t y  w i t h  
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Graph 5.8
The te m p e ra tu re  dependence o f  th e  
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T e m pera tu re /1 0  K
Graph 5 .9
The te m p e ra tu re  dependence o f th e  
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Graph 5 .1 0
The dependence o f th e  ac c o n d u c t i v i t y  on 
te m p e ra tu re  f o r  D1 a doped (n ) sam ple .
to
cn
i ®  •  j n * * * 9 x x * X X X X X
210 Hz
/  ? 2 kHz (-10) .
Loq(T/K) 2
3002001000
Graph 5 . 1 1
The v a r i a t i o n  o f  th e  d a rk  c o n d u c t i v i t y  w i t h  te m p e ra tu re  f o r  an n+- i  
sample (S2) w i t h  C u -N i ( r i n g e d  p o in t s )  and Au ( u n r in g e d  p o in t s )  
e le c t r o d e s .  The i n s e t  shows t h a t  o ^ T n a t  low  te m p e r a tu r e s .
The upper s e t  o f  d a ta  on th e  main g raph  was ta k e n  u s in g  a 2kHz ac 
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Graph 5 .1 2
A graph  o f  th e  f re q u e n c y  dependence o f  th e  t o t a l  c o n d u c t i v i t y  















































































• n+-i-n+ sample (K9)
x n+ sample (D1)
i  6 10J K/T 8  1 0
Graph 5.15
P l o t  o f  th e  lo g a r i t h m  o f  th e  dc c o n d u c t i v i t y  v e rs u s  1/T  f o r  a 
doped (n + ,D1) sample and an i n t r i n s i c  sample (n +- i - n + ,K 9 ' ) .
Log(GDC/Scm~1)
• n+-i-n+ sample (K11)




The lo g a r i t h m  o f  th e  dc c o n d u c t i v i t y  p l o t t e d  a g a in s t  1 /T  f o r  two 
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Log(F requency/Hz)
Graph 5.17
(a )  The f re q u e n c y  dependence o f  th e  t o t a l  c o n d u c t i v i t y  f o r  an n+ 


























( c )  Loss peaks o b ta in e d  from  th e  c a p a c i ta n c e  and f re q u e n c y  d a ta  f o r  


























e S2 S3 S5 K9 K11
(s m "1 ) 3 .4 2  x 103 2 .2 8  2 .762  14 .63  235
( s n f 1 ) 1 .125  0 .741  2 .4  x 10-3  7 .8 6  x 1 0 "4 0 .0 1 0
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The f re q u e n c y  dependence o f  th e  t o t a l  c o n d u c t i v i t y  a t  a v a r i e t y  o f  
te m p e ra tu re s  f o r  an As^Se^ sam ple . The i n s e t  shows th e  dependence o f  










The h ig h  te m p e ra tu re  dependence o f  th e  t o t a l  and dc c o n d u c t i v i t i e s
6.1 General Description of the Optical Response
6 . 1 ( a )  Glow D is c h a rg e  M a t e r i a l
The a - S i  and a - S i :H  f i l m s  were i l l u m i n a t e d  th ro u g h  a s e m i­
t r a n s p a r e n t  e le c t r o d e  in  th e  manner d e s c r ib e d  i n  a p r e v io u s  s e c t io n  
(C h a p te r  4 ) .  A t low  te m p e ra tu re s ,  u s u a l l y  from  1.2K up t o  50K, a 
change i n  c a p a c i ta n c e  and c o nduc ta nce  was obse rved  when l i g h t  was 
a p p l i e d  t o  th e  sam ple .
2
For i l l u m i n a t i n g  i n t e n s i t i e s  above 1yW/cm th e  o p t i c a l  response  
o c c u rs  w i t h i n  a few seconds . The in c r e a s e  i n  lo s s  c o n t in u e s  f o r  abou t 
te n  m in u te s  u n t i l  a s a t u r a t i o n  v a lu e  i s  o b ta in e d .  Bo th  C and G show 
s i m i l a r  b e h a v io u r  w i t h  th e  o p t i c a l  response  super im posed  on a background
2
v a lu e .  F u r t h e r  i n t e n s i t y  changes, i n  s te p s  up t o  a maximum o f  ~100yW/cm
cause C arid G to  in c re a s e  and reach  new e q u i l i b r i u m  v a lu e s  f o r  a p a r t i c u l
i l l u m i n a t i n g  i n t e n s i t y .  The g e n e ra l  fo rm  o f  th e  c a p a c i ta n c e  vs t im e
g raph  f o r  d i f f e r e n t  i l l u m i n a t i n g  i n t e n s i t i e s  i s  shown i n  d iag ram  6 .1 .
2
Lower i n t e n s i t i e s ,  le s s  th a n  ~1yW/cm cause C and G to  in c r e a s e ,  b u t  much 
more s l o w ly .  An i n t e g r a t i n g  re s p o n se ,  to  a s a t u r a t i o n  v a lu e ,  i s  
obse rved  o v e r  a p e r io d  o f  abou t 1 hou r up t o  as lo n g  as 8 h o u rs .
When th e  i l l u m i n a t i o n  i s  removed th e  c a p a c i ta n c e  (and c o n d u c ta n ce )  
f a l l s .  T h is  f a l l  c o n s is t s  o f  an i n i t i a l  f a s t  decay (o v e r  s e v e r a l  
m in u te s )  w h i c h  becomes a s lo w  decrease  tow a rds  th e  d a rk  v a lu e s .  A t low  
te m p e ra tu re s  (4K to  20K) th e  decay c o n t in u e s  f o r  many d a ys .  H ig h e r  
te m p e ra tu re s  (above~50K) cause th e  sample to  r e t u r n  t o  th e  d a rk  s t a t e  
much more q u i c k l y .  On r e c o o l i n g ,  th e  sample can be seen t o  have 
r e tu r n e d  t o  i t s  low  te m p e ra tu re  d a rk  s t a t e .  T h is  i s  a u s e f u l  method o f  
c l e a r i n g  th e  induced  re sp o n se .
C a p a c i ta n ce  measurements ta k e n  by th e  com puter c o n t r o l l e d  m easur ing  
sys tem  were found to  be more a c c u ra te  th a n  conductance  m easurem ents.
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T h is  i s  due t o  s m a l l  e r r o r s  i n  th e  lo s s  a n g le ,  G/u)C, w h ich  
c o n t r i b u t e  s i g n i f i c a n t l y  t o  th e  conduc tance  v a lu e s .  The measured 
conduc ta nce  v a lu e s  a re  o f t e n  c lo s e  to  th e  lo w e s t  l i m i t s  d e te c ta b le  
by th e  m easu r ing  sys tem  (see  C hap te r  4 f o r  d e t a i l s  o f  th e  a c c u ra c y  o f  
each m easu r ing  s y s te m ) .  C a p a c i ta n c e  d a ta  i s  a ls o  n o t  as s u s c e p t ib le  
t o  dc p h o to in d u c e d  e f f e c t s  as con d u c ta n ce .  A l l  co n d u c ta n ce  v a lu e s  
must be c o r r e c te d  f o r  dc p h o to co n d u c ta n ce  t o  e n ab le  th e  o p t i c a l l y  
in d u ce d  change a t  2KHz t o  be i n v e s t i g a t e d .  Fo r th e s e  re a s o n s ,  and th e  
f a c t  t h a t  C and G show s i m i l a r  b e h a v io u r  re g a rd in g  response  and decay 
t im e s ,  i t  was d e c id e d  t o  c o n c e n t r a te  on c a p a c i ta n c e  d a ta  th ro u g h o u t  
t h i s  c h a p te r .
6 . 1 ( b )  S p u t te re d  M a t e r i a l
The m agne tron  s p u t t e r e d  a - S i  sam ple , MA4, shows a s i m i l a r  
c a p a c i ta n c e  and co n d u c ta n ce  response  under i l l u m i n a t i o n .  The response 
t im e s ,  how ever, a re  much s h o r t e r  (seconds in s te a d  o f  m in u te s )  and th e  
m agn itude  o f  th e  change i s  l a r g e r .  (See s e c t io n  6 . 5 . )  R ecom b ina t io n  
t im e s  a re  a ls o  le s s  and a t y p i c a l  decay to  th e  da rk  s t a t e  ta k e s  p la c e  
o v e r  a p e r io d  o f  a round  8 h o u rs ,  even a t  1 .2K , th e  lo w e s t  te m p e ra tu re  
i n v e s t i g a t e d .  The response  and decay t im e s ,  as w e l l  as th e  m agn itude  
o f  th e  change a t  s i m i l a r  i l l u m i n a t i n g  i n t e n s i t i e s ,  a re  c o n s i s t e n t  w i t h  
th o s e  obse rved  by H o l la n d  (Ph.D  t h e s i s  1987) f o r  b o th  c o n v e n t i o n a l l y  
and m agnetron s p u t t e r e d  a - S i  (see C hap te r  7 f o r  a more d e t a i l e d  
c o m p a r is o n ) .
6.2 Preparation of the Dark State
The main p rob lem  i s  m easu r ing  th e  o p t i c a l l y  in d u c e d  change i n  a - S i  
and a - S i :H  i s  i n  d e f i n i n g  th e  da rk  s t a t e .  Fven a t  a s te a d y  te m p e ra tu re  
o f  1 2 .5K, th e  d a rk  co nduc ta nce  and c a p a c i ta n c e  v a lu e s  te n d  t o  f a l l  ove r  
s e v e r a l  days . The change i s  s m a l l  ( l e s s  than  0.01?o f o r  c a p a c i ta n c e )
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compared w i t h  th e  o p t i c a l  response  and th e  r a t e  o f  de c re a se  i s  a ls o  
e x t r e m e ly  s lo w .
In  o rd e r  t o  m in im iz e  t h i s  p rob lem  a s ta n d a rd  p ro c e d u re  was used. 
I n i t i a l l y  a - S i : H  sam ples were c o o le d  from  room te m p e ra tu re  t o  low 
te m p e ra tu re s  ( u s u a l l y  1 2 .5K i n  CTI C r y o c o o le r )  ove r  a p e r io d  o f  -4  o r  
5 h r s .  I l l u m i n a t i o n  was th e n  a p p l ie d  b r i e f l y  ( f o r  -1 5  t o  20 m in . )  i n  o rd e r  
t o  check th e  re s p o n s e .  A f t e r  rem ova l o f  th e  l i g h t  th e  response  was 
a l lo w e d  t o  decay f o r  a s h o r t  t im e .  The sample te m p e ra tu re  was th e n  
r a i s e d  t o  50K f o r  h a l f  an hou r to  1 hou r i n  th e  d a rk .  On r e c o o l in g  
th e  C and G v a lu e s  were o f t e n  lo w e r  th a n  th e  s t a r t i n g  v a lu e s  a t  low  
te m p e ra tu r e .  The sample was th e n  l e f t  a t  1 2 .5K o . e r n i g h t  and th e  base 
v a lu e s  were re c o rd e d  im m e d ia te ly  b e fo r e  an o p t i c a l  ru n  began. The 
te m p e ra tu re  was a lw a ys  r a is e d  t o  50K f o r  a t  l e a s t  h a l f  an hou r a f t e r  
each o v e r n ig h t  decay and a l lo w e d  t o  c o o l  b e fo re  b e g in n in g  a new ru n .
I f  a sample was h e ld  a t  150K f o r  s e v e r a l  hou rs  and th e n  re c o o le d  
th e  base v a lu e s  o f  C and G would  f a l l  even f u r t h e r  be low  th e  s t a r t i n g  
v a lu e s  th a n  th e y  d id  when a sample was h e ld  a t  50F and re c o o le d  
a l th o u g h  to o  h ig h  a te m p e ra tu re  can t h e r m a l l y  e x c i t e  c a r r i e r s .  The 
d a rk  s t a t e  was d e f in e d  as th e  i n i t i a l  v a lu e s  o f  C and G b e fo r e  th e  
s t a r t  o f  an o p t i c a l  ru n .  U s ing  t h i s  d e f i n i t i o n ,  a f t e r  th e  p r e p a r a t io n  
c o n d i t i o n s  d e s c r ib e d  above, c o n s is t e n t  r e s u l t s  were o b ta in e d  as d e t a i l e d  
i n  th e  n e x t  s e c t i o n s .
6.3 Magnitude of Errors in Capacitance Measurements
The main s o u rc e  o f  e r r o r s  i n  c a l c u l a t i n g  e r r o r s  on th e  lo g  vs 
lo g  I  p l o t s  i s  due t o  th e  u n c e r t a in t y  i n  e s t im a t in g  th e  base c a p a c i ta n c e  
v a lu e .  I t  i s  p o s s ib le  t o  measure c a p a c i ta n c e  t o  a round ±0.003?o, i f  
tw e n ty  p o in t s  a re  ave raged , between 100pF to  300pF a t  s ig n a l  v o l ta g e s  
o f  100mV.
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One c o n t r i b u t i o n  t o  th e  e r r o r  i n  th e  d a rk  base c a p a c i ta n c e  v a lu e  
o c c u rs  when a sample i s  l e f t  a t  a s te a d y  te m p e ra tu re  f o r  a p e r io d  o f  
t im e .  A t - 1 2 . 5K (and a t  o t h e r  low  te m p e ra tu r e s )  th e  base c a p a c i ta n c e  
v a lu e  i s  found  t o  dec rease  s lo w ly  w i t h  t im e  a t  th e  r a t e  o f  ~0.02pF pe r 
day ( e s t im a te d  from  th e  d i f f e r e n c e  i n  d a rk  c a p a c i ta n c e  v a lu e s  o v e r  
8 h o u rs  a t  1 2 . 5K ).  A n o th e r  e r r o r  o c c u rs  when samples a re  re c o o le d  
a f t e r  b e in g  h e a te d  t o  a h ig h e r  te m p e ra tu re  ( - 5 0 K ) .  I t  i s  found  t h a t  
th e  base c a p a c i t a n c e ,  i n  th e  d a rk ,  on r e c o o l i n g  i s  a p p r o x im a te ly  1?o 
l e s s  th a n  th e  d a rk  base v a lu e  b e fo re  th e  sample was r a i s e d  i n  te m p e ra tu re .
I t  i s  l i k e l y  t h a t  two mechanisms a re  in v o lv e d  i n  p ro d u c in g  th e  
e f f e c t s  d e s c r ib e d  above. The f i r s t ,  r e s p o n s ib le  f o r  th e  s low  
c o n t in u o u s  dec re a se  i n  th e  d a rk ,  i s  p r o b a b ly  due to  r e s i d u a l  c a r r i e r s  
t r a p p e d  i n  b a n d - t a i l  s t a t e s .  A t low  te m p e ra tu re s  such t ra p p e d  c a r r i e r s  
w i l l  recom b ine  v e ry  s lo w ly  (e v id e n c e  i s  a v a i l a b l e  from  th e  decay t a i l s  
seen i n  C vs t im e  p l o t s )  th u s  le a d in g  t o  th e  s low  decrease  i n  c a p a c i ta n c e  
i n  th e  d a rk .
T h is  id e a  o f  r e s id u a l  charge  t ra p p e d  i n  b a n d - t a i l  s t a t e s  can a ls o  
e x p la in  th e  dec rease  in  c a p a c i ta n c e  when a sample i s  re c o o le d  a f t e r  
a n n e a l l i n g  a t  a h ig h e r  te m p e ra tu re .  A t a g r e a te r  te m p e ra tu re ,  c a r r i e r s  
recom b ine  more q u i c k l y  ( t h i s  i s  a ls o  obse rve d  i n  c a p a c i ta n c e  decays w i t h  
t im e  a t  50K ).  On r e c o o l i n g ,  t h e r e  w i l l  be le s s  r e s id u a l  t r a p p e d  charge  
and th e  c a p a c i ta n c e  w i l l  t h e r e f o r e  be lo w e r .
The second mechanism proposed t o  acco u n t  f o r  th e  decrease  i n  th e  
d a rk  c a p a c i ta n c e  a t  low  te m p e ra tu re s  i n v o lv e s  th e  s t a t e s  r e s p o n s ib le  
f o r  th e  backg round  c a p a c i ta n c e .  These s t a t e s  a re  due to  s t r u c u r a l  
d e fe c t s  and o c c u r  deep w i t h i n  th e  band -gap . A change i n  th e se  s t a t e s ,  
p o s s ib l y  due t o  s t r u c t u r a l  o r  e l e c t r o n i c  r e l a x a t i o n  p ro c e s s e s ,  c o u ld  
cause th e  backg round  c a p a c i ta n c e  to  dec rease  s lo w ly  w i t h  t im e .
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I t  i s  l i k e l y  t h a t  a c o m b in a t io n  o f  th e s e  mechanisms i s  
r e s p o n s ib le  f o r  th e  e f f e c t  w h ic h  i s  o b se rv e d .  In  o r d e r  t o  f i n d  o u t  
how th e  o p t i c a l  r e s u l t s  a re  a f f e c t e d  th e  s i z e  o f  e r r o r s  due t o  th e s e  
p ro c e sse s  i s  now c o n s id e r e d .
The s low  dec re a se  o f  th e  d a rk  c a p a c i ta n c e  a t  low  te m p e ra tu re  
w ou ld  p roduce  a change o f  le s s  th a n  10 o v e r  th e  p e r io d  r e q u i r e d  to  
c a r r y  o u t  an o p t i c a l  e x p e r im e n t .  Such a change p roduces  an e r r o r  o f  
le s s  th a n  1?o i n  th e  o p t i c a l l y  in d u c e d  c a p a c i ta n c e  a t  th e  lo w e s t  
i n t e n s i t i e s  used.
The above e r r o r  i s  n e g l i g i b l e  i n  com par ison  w i t h  t h e  e r r o r  due to
s u b t r a c t i n g  th e  base c a p a c i ta n c e  from  th e  i l l u m i n a t e d  c a p a c i ta n c e  v a lu e s .
The measured response  under i l l u m i n a t i o n  can be in  e r r o r  by up t o  ~50?o
a t  th e  lo w e s t  i n t e n s i t i e s  used . T h is  i s  due to  th e  o p t i c a l l y  ind u ce d
cha rge  b e in g  c lo s e  t o  th e  lo w e s t  change w h ich  can be d e te c te d  by th e
m easu r ing  e q u ip m e n t .  As th e  l i g h t  i n t e n s i t y  in c re a s e s  th e  Ac v a lu e s
in c r e a s e  meaning t h a t  th e  e r r o r  due t o  s u b t r a c t i n g  th e  base v a lu e  becomes
le s s  s i g n i f i c a n t .  Fo r exam p le , a t y p i c a l  low  i n t e n s i t y  change i n  Ae^/e^
i s  o f  th e  o r d e r  o f  0.05?o ( K11 a t  I  = 0.5yWcm^). An e r r o r  o f  a round  10?o
-o
o c c u rs  i n  t h i s  case . As I in c re a s e s  t o  th e  maximum i n t e n s i t y  (~100yWcm 
f o r  K11) th e n  th e  v a lu e  o f  A e ^ /e  = (0 .2 5  ± 2)% .
Data i s  a ls o  a v a i l a b l e ,  from  D1, a t  1 2 . 5K and m i d - i n t e n s i t i e s ,  to  
show t h a t  th e  m agn itude  o f  th e  induced  o p t i c a l  response  i s  th e  same, 
t o  b e t t e r  th a n  2%, f o r  2 o p t i c a l  runs  c a r r i e d  o u t  under i d e n t i c a l  
c o n d i t i o n s .  The sample was h e a ted  to  50K a f t e r  th e  f i r s t  ru n  and 
re c o o le d  t o  12.5K b e fo r e  b e g in n in g  th e  second. The base v a lu e  o f
_3
c a p a c i ta n c e  dec reased  by 0 .0447  pF on r e c o o l i n g  ( e q u iv a le n t  t o  a 6x10 %
d e c r e a s e ) .
I t  was co n c lu d e d  t h a t  th e  p ro c e d u re  used f o r  p ro d u c in g  th e  d a rk
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s t a t e  was s u f f i c i e n t l y  good so as n o t  to  in t r o d u c e  s i g n i f i c a n t
e x p e r im e n ta l  e r r o r ,  e x c e p t  a t  th e  lo w e s t  i n t e n s i t i e s  o f  l i g h t  w h ich
were a p p l i e d  t o  th e  sam p les .  A t such low  i n t e n s i t i e s  f u r t h e r  e r r o r s
a re  in t r o d u c e d  due t o  th e  e q u i l i b r i u m  v a lu e  o f  th e  response  n o t  b e in g
re a ch e d ,  even a f t e r  s e v e r a l  h o u rs .  The e r r o r s  a re  marked on th e
lo g  vs lo g  I  p l o t s .
6.4 Intensity Dependence of Ae
6 . 4 ( a )  S p u t te r e d  M a t e r i a l
The re s p o n s e ,  Ae, i s  non l i n e a r  w i t h  in c r e a s in g  i n t e n s i t y  a t
low  te m p e ra tu r e .  The d a ta ,  o b ta in e d  from  g raph  6.1 and p l o t t e d  on
g raph  6 . 2 ,  shows h ig h  and low  i n t e n s i t y  r e g io n s .  A weak i n t e n s i t y
2
dependence, w i t h  a g r a d ie n t  o f  0 .2 4  i s  obse rved  above -50nW/cm 
( s u r f a c e  i n t e n s i t y  t o  sam ple) a t  4 .2 K .  T h is  r e g io n  c o r re s p o n d s  t o
i
th e  " I * "  r e g io n  o b s e rve d  by H o l la n d  (1987) i n  a - S i  and a -S I :H  
p re p a re d  by c o n v e n t io n a l  and by m agnetron s p u t t e r i n g .  As th e  
i n t e n s i t y  d e c re a s e s  th e  g r a d ie n t  becomes l a r g e r  and in c re a s e s  t o  about
i
0 .4 8  a t  th e  lo w e s t  i n t e n s i t i e s  used ( th e  " I 2" r e g io n ) .  The change i s
l
n o t  a b ru p t  and a t r a n s i t i o n  re g io n  i s  obse rved  between th e  I 2 (see
H o l la n d  Ph.D . t h e s i s  1987) and th e  I *  r e g io n s .  T h is  t r a n s i t i o n  re g io n
- 2  - 2  o c c u rs  from  a round  10nWcm to  100nWcm
The 1.2K d a ta  shows o n ly  a re g io n  w i t h  a g r a d ie n t  o f  0 .2 .
Ac v a lu e s  a t  th e  h ig h e s t  i n t e n s i t i e s  a re  c lo s e  t o  th o s e  measured a t
4 .2 K .
6 . 4 ( b )  Glow D is c h a rg e  Samples
A l l  th e  ty p e s  o f  sample s tu d ie d  ( 5 ,  K and D) had s i m i l a r  lo g  Ae^ 
vs lo g  I  c h a r a c t e r i s t i c s .  The f o l l o w i n g  p o in t s  a p p ly  t o  a l l  th e
lo g  Ae j^ vs lo g  I c u r v e s .  (See g raphs 6 .1 4  t o  6 .1 8 .  The C vs t im e
p l o t s  a re  shown i n  g ra p h s  6 .4  t o  6 . 1 3 . )
1 0 0
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1. A t low  te m p e ra tu re s  and a t  i n t e n s i t i e s  above ~10yWcm th e  cu rv e s
ota re  l i n e a r  im p ly in g  t h a t  a power law  a p p l i e s ,  i . e .  Ae a I
2. A d i v i s i o n  i n t o  h ig h  and low i n t e n s i t y  r e g io n s  i s  obse rved  i n  th e
lo g  Ae^ vs lo g  I  p l o t s .  T h is  d i v i s i o n  i s  n o t  r i g i d  and th e  two
re g io n s  merge i n t o  one a n o th e r .
_2
3. Above ~10yWcm , a -  0 .2 3  a t  low  te m p e r a tu re s .
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4 .  Below ~10yWcm th e  v a lu e s  o f  Ae^ dec rease  a t  3 f a s t e r  r a t e  than
0 25I  * . T h is  i s  due t o  th e  i n t e g r a t i n g  response  obse rved  a t  low
i n t e n s i t i e s .  Sample D1 was i l l u m i n a t e d  w i t h  low  i n t e n s i t y  l i g h t  
-1 2( a t  -17  x 10 yWcm ) and th e  response  was measured o v e r  a p e r io d  o f  
a round  8 h o u rs .  Even a f t e r  t h i s  le n g th  o f  t im e  th e  o p t i c a l l y  
in d u ce d  response  was n o t  f u l l y  s a t u r a t e d .  A p p ly in g  l i g h t  f o r  
s h o r t e r  t im e s  w i l l  t h e r e f o r e  n o t  cause th e  response  t o  s a tu r a t e  
a t  th e s e  i n t e n s i t i e s .  The p o in t s  ta k e n  i n  th e  i n t e g r a t i n g  r e g io n  
a re  n o t  th e  uppe r l i m i t s  o f  th e  o p t i c a l l y  ind u ce d  response  and a re  
deno ted  as t  on lo g  Ae^ vs lo g  I c u rv e s .
5. A weak te m p e ra tu re  dependence o f  th e  o p t i c a l  response  i s  observed  
(g ra p h s  6.14 to  6 . 1 8 ) .  At h ig h  te m p e ra tu re s  ( -5 0 K )  th e  v a lu e s  o f  Ae^ a re  
g e n e r a l l y  lo w e r  th a n  th e  v a lu e s ,  a t  th e  same i n t e n s i t y ,  a t  1 2 .5K.
The g r a d ie n t  a ,  can be observed  t o  in c r e a s e  w eak ly  w i t h  i n c r e a s in g  
te m p e r a tu r e .
6.5 Magnitude of Ae
6 . 5 ( a )  Dependence o f  Ae on Sample M a t e r i a l
Three d i f f e r e n t  ty p e s  o f  sample were i n v e s t i g a t e d  i n  o r d e r  t o  
q u a n t i f y  th e  o p t i c a l  re sp o n se .  These were ( a - S i ,  a - S i :H  and a -A s 2 Se^ 




T h is  sample was i l l u m i n a t e d  a t  h ig h  i n t e n s i t i e s  (up  t o  10yWcm ) 
u s in g  b o th  th e  He-Ne l a s e r  ( a t  633nm) and a w h i t e  l i g h t  s o u rc e .  The 
e x p e r im e n t  was c a r r i e d  o u t  i n  a s ta n d a rd  He c r y o s t a t  a t  1 .2 K and a t  
4 .2 K .  No change i n  c a p a c i ta n c e  o r  conduc tance  was measured by th e  
com pu te r  c o n t r o l l e d  system  ( im p ly i n g  an upper l i m i t  o f  Ae /e  = 0.0085% 
w h ich  i s  th e  lo w e s t  d e te c t a b le  response  wh ich  can be measured on t h i s  
sys te m ) when th e  sample was i l l u m i n a t e d  f o r  5 o r  6 h o u rs .  T h is  i s  
c o n s i s t e n t  w i t h  a s i m i l a r  e x p e r im e n t  pe r fo rm e d  by H o l la n d  (Ph.D 
t h e s i s  1987) on a s p u t t e r e d  l\s^S e^  f i l m .
M agne tron  S p u t te re d  a - S i  Sample 
O p t i c a l  e x p e r im e n ts  were p e r fo rm e d  a t  4 .2K and a t  1.2K on MA4. 
I l l u m i n a t i o n  was p ro v id e d  by a He-Ne l a s e r ,  X = 633nm, a t  i n t e n s i t i e s
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up t o  1.8yWcm "  ( a f t e r  c o r r e c t i n g  f o r  th e  t r a n s m i t t a n c e  and r e f l e c t a n c e
o f  th e  sample e le c t r o d e s  and f o r  th e  a -S i  f i l m ) .
The low  te m p e ra tu re  response  ( a t  1 .2K) was found  t o  be s l i g h t l y
g r e a t e r  (0.699% a t  1.2K compared w i t h  0.463% a t  4 .2K  a t  an i l l u m i n a t i n g  
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i n t e n s i t y  o f  1yWcm ) th a n  th e  4.2K  response . T h is  d a ta  i s  shown i n
g raph  6 .2 .  The response  o f  th e  t h i c k  j u n c t i o n  i s  seen t o  be le s s
th a n  t h a t  o f  th e  t h i n  j u n c t i o n ,  a t  4 .2 K .  V a lues  o f  A e /e  a re
ta b u la t e d  i n  d iag ram  6 .3 .
Glow D is c h a rg e  Samples
A l l  th e  g low  d is c h a rg e  sam ples showed a s m a l le r  o p t i c a l  response
when compared w i t h  s p u t t e r e d  sam p les . In  o rd e r  t o  o b t a in  a 0.2%
change i n  c a p a c i ta n c e  a t  th e  lo w e s t  te m p e ra tu re s  i t  was n ecessa ry  t o
2
i l l u m i n a t e  th e  j u n c t i o n  w i t h  an i n t e n s i t y  o f  ~50yW/cm . To compare 
th e  v a r io u s  ty p e s  o f  sample ( i . e .  S, K and D) a f i x e d  v a lu e  o f
1 0 2
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1= 1.0 W/cm was used . V a lues  o f  Ae^/e^ were ta ke n  from  th e  v a r io u s
g raphs  and a re  t a b u la t e d  in  d iagram  6 .2 0 .  A t 1 2 .5K, th e  D sam p les , D2
showed a la r g e  response  (0.35% a t  4.2K (D 2 ) )  and 0.16% a t  12.5K (D 1 ) ) .
The K and S sa m p le s ,  w i t h  ITO/AL e le c t r o d e s ,  showed a s i m i l a r  s i z e  o f
o p t i c a l  resp o n se  ( a p p r o x im a te ly  0.12% and 0.14% r e s p e c t i v e l y ) .  I t  can be
seen t h a t  th e  response  i s  lo w e r  than  t h a t  obse rved  i n  s p u t te r e d
m a t e r i a l ,  as e q u i v a le n t  changes a re  obse rved  a t  a lo w e r  i n t e n s i t y  
-3  2(10 x y10 nW/cm ) i n  sample MA4.
6 . 3 ( b )  E f f e c t  o f  E le c t r o d e  M a t e r ia l  on Ae^ f o r  Glow D is c h a rg e  M a t e r ia l  
I t  was found  t h a t  th e  e le c t r o d e  m a t e r i a l  had a s i g n i f i c a n t  e f f e c t  
on b o th  th e  backg roun d  lo s s  (see s e c t io n  5 .9  f o r  d e t a i l s )  and on th e  
o p t i c a l l y  in d u c e d  l o s s .  A number o f  e x p e r im e n ts  were p e r fo rm ed  on 
a - S i :H  n+ - i - A l  sam ples  ( S2,S3) and on an a - S i : Hn+- i - n + - IT 0  sample (K 9 ) .  
I n i t i a l l y ,  s e m i - t r a n s p a r e n t  g o ld  e le c t r o d e s  were e v a p o ra te d  on to  S2 
and an o p t i c a l  ru n  was c a r r i e d  ou t  a t  12 .5K , as was th e  p r a c t i c e  f o r  
s p u t t e r e d  sam p les .  No o p t i c a l  response c o u ld  be measured u s in g  th e
2
g e n e ra l  r a d io  b r i d g e ,  even a t  a maximum a p p l ie d  i n t e n s i t y  o f  -10yW/cm .
T h is  im p l ie s  t h a t  Aq/e, i s  le s s  than  0.0085%.
A Ac/e^ v a lu e  o f  0.3% was measured when e \a p o ra te d  C u - \ i  e le c t r o d e s
were d e p o s i te d  on S2. T h is  i s  a f a c t o r  o f  - 5 . 7  le s s  th a n  th e  1.755
response  re c o rd e d  on th e  same sample when t h i n  A1 e le c t r o d e s  were used.
and th e  resp o n se  measured a t  th e  same i n t e n s i t y .
A n u l l  response  was obse rved  when chromium e le c t r o d e s  were evapo ra te d
2
o n to  K9 and l i g h t  o f  10yW/cm was a p p l ie d  i n  a s i m i l a r  e x p e r im e n t .
The above r e s u l t s  su g g e s t t h a t  th e  r e c o m b in a t io n  r a te s  o f  
e x c i t e d  c a r r i e r s  i s  b e in g  enhanced due t o  d i f f u s e d  m e ta l  atoms a c t in g
as r e c o m b in a t io n  c e n t r e s  (see s e c t io n  7 . 6 ( b )  f o r  f u r t h e r  d is c u s s io n  on 
t h i s  s u b j e c t ) .
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The v a lu e s  o f  Ae /e^  a t  an i l l u m i n a t i n g  i n t e n s i t y  o f  10yW/cm on th e
sam p le , f o r  d i f f e r e n t  e le c t r o d e  m a t e r i a l s  on a number o f  samples
a re  p l o t t e d  on d ia g ra m  6 .2 0 ,  a g a in s t  th e  d a rk  lo s s ,  a t  low  te m p e ra tu re .
I t  can be seen t h a t  th e  lo w e s t  lo s s  and h ig h e s t  L z / z  i s  found  i n  52
w i t h  to p  and b o t to m  AL e le c t r o d e s .  U n f o r t u n a t e l y ,  t h i n  f i l m s  o f  A t
d e t e r i o r a t e  a f t e r  a few days , le a d in g  t o  non c o n d u c t in g  e le c t r o d e s
w i t h  changed o p t i c a l  p r o p e r t i e s  (see  s e c t io n  3 .8  ) .  A1 e le c t r o d e s
i n  a s e m i - t r a n s p a r e n t  f i l m  a re  t h e r e f o r e  n o t  p a r t i c u l a r l y  s u i t a b l e .
I f  a le s s  r e a c t i v e  m e ta l  such as Au o r  Cr i s  used, th e  d a rk  lo s s  i s
an o r d e r  o f  m agn itude  g r e a te r  and th e  o p t i c a l l y  induced  lo s s  i s  le s s  th a n
0.01?o f o r  Au. C r - IT O  c o m b in a t io n s  range from  le s s  th a n  0.01?o f o r  K9
up t o  0.09% f o r  an S sample (S 5 ) .  Cu-N i e le c t r o d e s  were more
s u c c e s s f u l ,  i n  te rm s  o f  a h ig h  Ae/e  (0 .1 % ) ,  b u t  these  were a ls o
p rone  t o  d e t e r i o r a t e  a f t e r  a s h o r t  t im e .
I t  was f i n a l l y  d e c id e d  t h a t  a s e m i - t r a n s p a r e n t  m a t e r i a l ,  ITO,
c o u ld  be used . Samples w i t h  e le c t r o d e s  o f  t h i s  m a te r ia l  were found  to
have a r a t h e r  highe/’d a rk  lo s s  ( a t  2KHz) than  A l - a - S i : H - A l  sam p les ,
2
b u t  th e  A e /e  v a lu e s  were re a s o n a b ly  h ig h  ( -0 .2 %  a t 10yWcm )
6 .6  T em p e ra tu re  Dependence o f  Ae^
M easurem ents o f  th e  m agn itude  o f  Ae^show v a r i a t i o n s  w i t h  te m p e ra tu re ,
t o  some e x t e n t , j n a l l  th e  s i l i c o n  samples s t u d ie d .
MA4 shows a s l i g h t l y  h ig h e r  A e^a t 1.2K th a n  a t 4 .2K a t  a l l
_ ?
i n t e n s i t i e s  up t o  th e  h ig h e s t  a p p l ie d  ~290nWcm ” , see d iag ram  
6 . 3 .  The g r a d ie n t  o f  th e  lo g  Ae vs lo g  I p l o t  i s  a ls o  lo w e r  a t  
th e  lo w e r  te m p e r a tu re ,  w h ich  i s  s i m i l a r  t o  th e  r e s u l t s  found  by 
H o l la n d  (P h .D .  T h e s is  1987 ) .  These e x p e r im e n ts  in v o lv e d  a p p ly in g  
l i g h t  o f  s i m i l a r  i n t e n s i t i e s  a t  633nm o n to  a -S i  and a - S i :H  s p u t te r e d  
o n to  room te m p e ra tu re  s u b s t r a te s  u s in g  o r th o d o x  and m agnetron (one
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a - S i  sam p le ) t a r g e t s .  H o l la n d  showed t h a t  th e  lo g  Ae^ vs lo g  I
_2
p l o t s  have g r a d ie n t s  o f  * -0 .45  a t  low  i n t e n s i t i e s  (up to ' -O . In W c m  ) .
_2
The g r a d ie n t  de c re a se s  ( t o  * -0 .2 5  above ~10nWcm”  ) a t  h ig h  i n t e n s i t i e s .
A t  h ig h e r  te m p e ra tu re s  (up  t o  10K) and low  i n t e n s i t i e s  th e  g r a d ie n t
i s  l a r g e r  th a n  a t  1.2K o r  4 .2 K .
Undoped sam ples p re p a re d  u s in g  th e  g low  d is c h a rg e  te c h n iq u e  (S
and K sam p les)  a ls o  show a te m p e ra tu re  dependent A e^ . The l a r g e s t
changes i n  under i l l u m i n a t i o n  a re  obse rved  a t  th e  lo w e s t
2
te m p e r a tu r e s .  A t 10bW/cm , th e  change obse rved  a t  1 2 .5K i s  o f  th e
o r d e r  o f  ( 0 . 150±0.002)?o i n  K11. S5 shows a Ae^/e^ o f  ~ ( Q .  169±0.002)?o
a t  th e  same i n t e n s i t y  and te m p e ra tu re s .  (See d iagram s 6 .4  and 6 .1 0
f o r  d e t a i l s . )  As te m p e ra tu re  in c re a s e s  t o  50K, the  m agn itude  o f
A e ^ /e ^ ,  a t  th e  same I ,  d e c re a s e s .  K11 shows a Ae^/e^ v a lu e  o f
~(0 .046±0 .002)?o  and S5 shows a Ae/e  o f  (0.010±0.002)?o a t  10yW/cm- ^
a p p l ie d  i n t e n s i t y .
The g r a d ie n t s  o f  th e  lo g  Ae vs lo g  I p l o t s  are a ls o  te m p e ra tu re
depe n d e n t .  The g r a d ie n t s ,  a ,  have b e e n c q lc u la te d
f o r  th e  v a r io u s  sam ples s t u d ie d .  The v a lu e s  o f  a a re  a l l  ta k e n  i n
_2
th e  s a t u r a t i n g  response  r e g io n  above ~10yWcm , u n le s s  o th e r w is e  s t a t e d .
The g r a d ie n t s  i n  S and K samples a re  g e n e r a l l y  around 0 .2  and a
in c r e a s e s  w eak ly  w i t h  in c r e a s in g  te m p e ra tu re .
The D-sam ples  (doped a - S i : H ) ,  D1 and D2, a re  d i f f e r e n t  h a lv e s  o f
_2
t h e  same f i l m .  For a f i x e d  I  o f  10yWcm Ae^/e^ decreases  w i t h
te m p e ra tu r e ,  b u t  le s s  s t r o n g l y  th a n  i s  seen i n  5 and K sam p les .  A t
h ig h  i n t e n s i t i e s  (>30yW/cm ) th e  A e^ /e^  v a lu e s  a re v e ry  c lo s e  a t  a l l
- 2te m p e ra tu re s  up t o  50K. As th e  i n t e n s i t y  d rops  below 10yWcm th e  
Ae^ /e^  v a lu e s  show a g r e a t e r  s p re a d .  The la r g e s t  v a lu e s  a re  seen a t  
4 .2K  and th e  s m a l le s t  a t  30K.
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G ra d ie n ts  i n  th e  D -sam p les  range from  0 .1 6 4 zX a t 4 .2 K y a t  a l l
a p p l ie d  i n t e n s i t i e s  ; t o  0 .2 9 9  ± 0 .005  a t  40K (above  3.1yW/cm^
2i l l u m i n a t i n g  i n t e n s i t y ) .  Below I = 2.1yW/cm , the  g r a d ie n t s  between
1 2 .5  to  30K a re  v e ry  c lo s e  and a t  40K and 50K th e  s lo p e  in c re a s e s  
t o  (0 .4 5 2  ± 0 .0 0 5 ) .
6.7 The Effect of Increasing Temperature at a Constant Level of 
Illumination in Glow Discharge Samples
In  th e se  e x p e r im e n ts  th e  sample was i l l u m in a t e d  a t  1 2 . 5K. The 
te m p e ra tu re  was th e n  r a i s e d  i n  ~10K s te p s ,  s t i l l  w i t h  th e  sample under 
th e  same l e v e l  o f  i l l u m i n a t i o n ,  and th e  response measured.
In  S and some K sam ples i t  was found t h a t  the  t o t a l  response  in c re a s e d  
and th e n  a decay t o  an e q u i l i b r i u m  v a lu e  was reached a f t e r  a bou t 30 min 
(see  d iag ram s 6 .24  , 6 . 2 5 ) .
D1 and some K sam ples showed t h a t  the  t o t a l  c a p a c i ta n c e ,  under 
i l l u m i n a t i o n ,  in c re a s e d  t o  a s te a d y  v a lu e  when the  te m p e ra tu re  was 
in c r e a s e d .
The e x p la n a t io n  f o r  th e  b e h a v io u r  observed i s  dependen t upon the  
v a lu e  o f  th e  background  c a p a c i ta n c e  a t  a p a r t i c u l a r  te m p e ra tu re  and 
upon th e  r a te  a t  w h ich  a h ig h e r  te m p e ra tu re  in c re a s e s  th e  re c o m b in a t io n  
r a t e  o f  c a r r i e r s .  T h is  w i l l  be d is c u s s e d  f u r t h e r  i n  s e c t i o n  7 . 2 ( e ) .
6.8 The Frequency Dependence of the Optical Response
The t y p i c a l  d a rk  f re q u e n c y  dependence taken  a t  low  te m p e ra tu re s
has been d e s c r ib e d  i n  C h ap te r  5.
Dark f re q u e n c y  sweeps were ta ke n  on a l l  th e  samples b e fo re  
a p p ly in g  l i g h t  t o  th e  sam p le . The samples were then  a l lo w e d  t o  a t t a i n
t h e i r  e q u i l i b r i u m  response  a t  a p a r t i c u l a r  i n t e n s i t y  and f u r t h e r
f re q u e n c y  sweeps were ta k e n .  Data f o r  v a r io u s  e x p e r im e n ts  i s  p l o t t e d
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i n  g raphs  6 .22 . t o  6 .23
I t  can be seen ( f ro m  d iagram  5 .1 2 )  t h a t ,  i n  th e  d a rk ,  conduc ta nce  
v a lu e s  obey an w law  w i t h  s «  1.
F requency  sweeps ta k e n  when a sample i s  i l l u m i n a t e d  show dec reased  
S v a lu e s .  As th e  i n t e n s i t y  o f  l i g h t  in c r e a s e s  th e  v a lu e  o f  s d rops  
f u r t h e r  (see  g raph  6 . 2 2 ) .  Both doped and undoped a - S i :H  samples 
show s i m i l a r  b e h a v io u r .
C a p a c i ta n c e  vs f re q u e n c y  c u rv e s  (g ra p h  6 $ )  a re  a ls o
i n f l u e n c e d  by l i g h t .  The v a lu e s  o f  C r i s e  w i t h  in c r e a s in g  l e v e l  o f  
i l l u m i n a t i o n .
Bo th  C and G vs oo c u rv e s  show t h a t  l i g h t  has th e  e f f e c t  o f  
i n c r e a s in g  v a lu e s  o f  C and G. The v a lu e s  a t t a i n e d  unde r i l l u m i n a t i o n  
a re  com parab le  t o  th o se  seen a t  h ig h e r  te m p e ra tu re s  i n  th e  d a rk .
_2
F o r  exam ple , i n  D1 th e  i l l u m i n a t e d  f re q u e n c y  sweeps under 19.4pWcm 
i n t e n s i t y  and a t  12 .5K , a re  s i m i l a r  t o  a 70K sweep ta k e n  i n  th e  d a rk .  
The f u l l  s i g n i f i c a n c e  and im p l i c a t i o n s  o f  t h i s  r e s u l t  w i l l  be 
d is c u s s e d  i n  S e c t io n  7.
6.9 The Decay to the Dark State
When th e  o p t i c a l  e x c i t a t i o n  i s  removed th e  conduc tance  and 
c a p a c i ta n c e  v a lu e s  f a l l  tow a rds  t h e i r  d a rk  v a lu e s .  The r a t e  a t  
w h ich  t h i s  ta k e s  p la c e  was found t o  be s t r o n g l y  dependent on 
te m p e ra tu re  and on sample m a t e r i a l .
6 . 9 ( a )  S p u t te re d  Samples
Sample MA4 showed an i n i t i a l  f a s t  decay , w i t h  C f a l l i n g  t o  0.4% 
above i t s  d a rk  v a lu e ,  a f t e r  th e  l i g h t  was removed. T h is  to o k  8000sec 
t o  happen a t  4 .2 K .  A s lo w e r  decay, o f  abou t 60000sec. f o l lo w e d ,  a f t e r  
w h ich  th e  d a rk  v a lu e s  were re c o ve re d  t o  w i t h i n  a measurement e r r o r  
o f  0.01?o%. (See graph 6 . 1 ) .
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The 1.2K d a ta  shows a s i m i l a r  fo rm  o f  decay . In  t h i s  case , th e  
f a s t  decay , t o  abou t 0.52% above th e  d a rk  v a lu e ,  l a s t e d  f o r  ~1000sec.
The base v a lu e s  were a t t a i n e d  a f t e r  s lo w  decay o f  ~60000sec.
6 . 9 ( b )  Glow D is c h a rg e  M a t e r i a l
The decay t im e s  in  g low  d is c h a rg e  samples were e x t re m e ly  lo n g  a t  
12.5K o r  b e lo w . In  f a c t ,  th e  samples d id  n o t  r e t u r n  t o  t h e i r  d a rk  
s t a t e s  d u r in g  measurement p e r io d s  o f  s e v e r a l  days a t  th e s e  te m p e ra tu re s .
S, K and D samples g e n e r a l l y  show a r a p id  decrease  i n  C and G on 
rem o v in g  th e  l i g h t .  T h is  i s  s i m i l a r  t o  th e  r a p id  decay obse rved  in  
MA4 and ta k e s  p la c e  o v e r  s e v e r a l  thousan d  seconds. A d rop  o f  50%
(S , K sam p les )  t o  70% (D sam p les) i s  seen i n  th e  in d u ce d  c a p a c i ta n c e  
v a lu e s  o v e r  t h i s  t im e .
The f a s t  decay merges i n t o  a lo n g  decay re g io n  where th e  decay 
r a t e  i s  s lo w e r  w i th  t im e .  However, on a vs l o g t  g raph  th e r e  i s
l i t t l e  d i f f e r e n c e  in  th e  decay r a t e ,  as th e  g raph i s  c lo s e  t o  b e in g  
l i n e a r  i n  S and K sam p les . The lo n g  decay ta k e s  p la c e  v e ry  s lo w ly  in  
a l l  g low  d is c h a rg e  samples a t  t h i s  te m p e ra tu re .
As th e  te m p e ra tu re  in c r e a s e s ,  th e  decay r a te  in c re a s e s  and samples 
r e t u r n  t o  t h e i r  da rk  s t a t e s  more q u i c k l y .  A t 20K o r  30K decay r a te s  
in c r e a s e  s l i g h t l y ,  b u t  a t  50K o r  g r e a t e r  a r a p id  f a l l  i s  obse rved  
(see  d iag ram s  6 .4  t o  6 . 1 3 ) .  T h is  has been shown to  be a u s e fu l  
method o f  c l e a r i n g  th e  ind u ce d  response  and r e t u r n in g  samples t o  t h e i r  
d a rk  s t a t e s .  I f  samples a re  l e f t  f o r  a round  h a l f  an hou r o r  more and 
r e c o o le d ,  th e  C and G v a lu e s  w i l l  r e t u r n  t o  t h e i r  o r i g i n a l  low  
te m p e ra tu re  v a lu e s .
Decays have a ls o  been p l o t t e d  on A e^ /e^  vs lo g  t  p l o t s .  The K9 
decays show a lo g  t  b e h a v io u r  a t  1 2 .5K, b u t  o th e r  samples ( e . g .  K11,
12, D 1 ,2 ,  S sam ples) e x h i b i t  a degree o f  c u r v a tu r e  i n  t h e i r  decays.
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T h is  becomes more p ronoun ced  a t  h ig h e r  te m p e ra tu re s .  A d e t a i l e d  
a n a ly s i s  o f  t h i s  d a ta  i s  p re s e n te d  in  C hap te r  7.
6.10 Contact Effects
Data a n a l y s i s  has been c o m p l ic a te d  i n  a number o f  o p t i c a l  runs  
by " ju m p s "  i n  th e  c a p a c i ta n c e  and conduc tance  vs t im e  p l o t s .  In  
some cases i t  i s  s t r a i g h t f o r w a r d  to  measure th e  m agn itude  o f  th e  
d is p la c e m e n t  s in c e  i t  o c c u rs  when C i s  i n  e q u i l i b r i u m  f o r  an a p p l ie d  
i n t e n s i t y .  In  t h i s  case  th e  v a lu e  o f  th e  o f f s e t  has been s u b t r a c te d  
t o  g iv e  th e  Ae vs I p l o t s .  I f  th e  o f f s e t  o c c u rs  a t  an i n t e n s i t y  change 
i t  i s  more d i f f i c u l t  t o  a cco u n t  f o r  t h i s  i n  d a ta  a n a ly s i s  and an 
e s t im a te  must be made. T h is  has been i n d i c a t e d  on th e  g raphs  where 
t h i s  o c c u r re d  and compared t o  th e  u n c o r re c te d  d a ta .  The decay " t a i l s "  
a ls o  sometimes show o f f s e t s .
The p rob lem  i s  due t o  th e  samples them se lves  r a t h e r  th a n  th e  
m easu r ing  e q u ip m e n t.  Measurements pe r fo rm e d  d u r in g  sam ples o v e r  lo n g  
p e r io d s  ara. v e ry  s t a b l e  ( t o  b e t t e r  th a n  0.01%) a t  2KHz.
The o f f s e t  was t r a c e d  t o  poor c o n ta c t  c o n d i t i o n s .  When c o n ta c t s  
a re  e v a p o ra te d  i n  a po o r  vacuum gases may be t ra p p e d  by th e  e le c t r o d e  
m a t e r i a l  as i t  condenses on th e  s i l i c o n  s u r fa c e .  In  a good vacuum 
( b e t t e r  th a n  10” ^ T o r r )  th e  c o n ta c t  e f f e c t  was e l im in a t e d  as th e  da ta  
f o r  S 5 , K9, K11, 12 and D1, 2 shows.
6.11 The Thickness Dependence of the Response in Sputtered a-Si
Sample MA4 was a d o u b le  th ic k n e s s  a - S i  f i l m .  The j u n c t i o n  
th ic k n e s s e s ,  measured by o p t i c a l  i n t e r f e r e n c e  te c h n iq u e s  (see  s e c t io n
0 o
4 . 1 4 ) ,  were 9600A and 4750A and th e  j u n c t i o n  a reas  were measured to  
be i d e n t i c a l  t o  w i t h i n  ±3%.
One reason f o r  p e r fo r m in g  th e  measurement on t h i s  d o u b le  t h ic k n e s s  
sample was to  d e te rm in e  w he the r  th e  o p t i c a l  e f f e c t  was dependent on
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th e  b u lk  o f  th e  sam ple  o r  on s u r fa c e  e f f e c t s .  O p t i c a l  measurements 
were c a r r i e d  o u t  a t  1.2K and a t  4 .2K  and th e  r e s u l t s  can be seen in  
d iag ram  6 . 2 .  The i n t e n s i t y  s c a le  i s  c o r r e c te d  to  a c c o u n t  f o r  
th e  d i f f e r e n c e s  i n  j u n c t i o n  p o s i t i o n  w i t h  re s p e c t  t o  th e  f i b r e  o u t l e t  
and i s  c o r r e c t e d  f o r  th e  t r a n s m i t t a n c e  and r e f l e c t a n c e  o f  th e  Au 
e le c t r o d e s  and th e  a - S i  f i l m .  C a p a c i ta n ce  d a ta  was averaged  o ve r  
20 p o i n t s ,  unde r  com pu te r  c o n t r o l ,  f o r  th e  t h i n  j u n c t i o n .  Data was 
ta k e n ,  a t  th e  same t im e ,  f o r  th e  t h i c k  j u n c t i o n  b u t  was o n ly  ave raged  
o v e r  5 p o i n t s ,  l e a d in g  t o  a lo w e r  a c c u ra c y .
The g raph  o f  A e^ /e^  vs I a t  4 .2K  l i e  on ro u g h ly  th e  same l i n e s  
f o r  b o th  th e  t h i c k  and th e  t h i n  j u n c t i o n s .  T h is  i s  s i m i l a r  t o  th e  
r e s u l t  found  by H o l la n d  (P h .D . t h e s i s  19 8 7 ) .  The 1.2K d a ta  f o r  th e  
t h i n  j u n c t i o n  i s  i n c o n c lu s i v e  due t o  " ju m p s "  i n  th e  m easurements.
I t  i s  p o s s ib le  t h a t  Ae/e  i s  n o t  a b u lk  e f f e c t  because <2% o f  l i g h t  
a t  633nm i s  t r a n s m i t t e d  by th e  t h i n  j u n c t i o n .  T h is  shows t h a t  more 
th a n  h a l f  th e  t h i c k n e s s  o f  th e  o th e r  j u n c t i o n  w i l l  r e c e iv e  v e ry  l i t t l e  
i l l u m i n a t i o n  and i s  t h e r e f o r e  u n l i k e l y  t o  be in v o lv e d  i n  th e  o p t i c a l l y  
in d u c e d  l o s s .  T h is  w i l l  be d is c u s s e d  more f u l l y  i n  C h ap te r  7.
6.12 Effect of Different Wavelengths on
A s m a l l  amount o f  d a ta  ta ke n  a t  d i f f e r e n t  w a v e le n g th s  o f  l i g h t  
i s  a v a i l a b l e  f o r  g low  d is c h a rg e  m a t e r i a l .  Due to  th e  low  i n t e n s i t i e s  
o f  l i g h t  o u tp u t  f rom  th e  monochromator i t  was d i f f i c u l t  t o  p e r fo rm  
o p t i c a l  ru n s  a t  v a r y in g  i n t e n s i t i e s .  Low i n t e n s i t y  l i g h t  w i t h  wave­
le n g th s  o f  500nm and 800nm was a p p l ie d  t o  D1 a t  1 2 .5K. The i n t e n s i t i e s  
- 2  - 2were 0.06yWcm and O.IOyWcm r e s p e c t i v e l y .  Measurement e r r o r s  a re  
i n d i c a t e d  on th e  i n t e n s i t y  s c a le  on graph 6 .1 8 .  The response was 
a l lo w e d  to  i n t e g r a t e  t o  a near e q u i l i b r i u m  v a lu e  o v e r  a p e r io d  o f
110
70000seconds , The lo g  Ae^ v a lu e s  were p l o t t e d  a g a in s t  lo g  I  on 
g raph  6 .1 8 .  Here th e  i n t e n s i t i e s  a re  th o s e  absorbed by th e  a - S i :H
f i l m  so t h a t  th e  d a ta  p o in t s  a t  500nm and 800nm can be compared 
w i t h  s i m i l a r l y  c o r r e c te d  d a ta  a t  633nm. Comparison shows t h a t  th e  
v a lu e s  o f  Ae^ a t  500nm and 800nm a re  th e  same as those  a t  633nm to  
w i t h i n  a10-o measurement e r r o r  a t  i d e n t i c a l  i n t e n s i t i e s .
6.13 DC Photoconductivity
The DC p h o t o c o n d u c t i v i t i e s  o f  some o f  th e  samples were measured 
as a f u n c t i o n  o f  te m p e ra tu re .  R e s u l t s  f o r  K9 a re  p l o t t e d  i n  d iag ram  
3 - 8 .
The graph  i s  l i n e a r  down t o  -100K . Below t h i s  te m p e ra tu re  th e
-11p h o t o c o n d u c t i v i t y  f a l l s  away r a p i d l y  u n t i l  i t  i s  le s s  th a n  10 S 
a t  50K. A t te m p e ra tu re s  be low  30K th e  o th e r  samples have shown t h a t  
th e  p h o t o c o n d u c t i v i t y  i s  abou t two o r d e rs  o f  m agn itude  le s s  th a n  
th e  ac c o n d u c t i v i t y  a t  th e  same te m p e ra tu r e s .  Th is  i s  i l l u s t r a t e d  
on g raph  3 .8.
The p h o t o c o n d u c t i v i t y  was measured as a f u n c t io n  o f  i n t e n s i t y  
and p l o t t e d  as lo g  vs lo g  I  on g raph  6 .2 9 .  I t  can be seen t h a t  p a r f  of- 






A 1.7 x 103 nWcm *
B 1.0 








10 20 30 Z *0  T im e /k se c
Graph 6.1
The c a p a c i ta n c e  o f  MA4 (m agne tron  s p u t t e r e d  pu re  a - S i )  v e rs u s  t im e  
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Diagram 6.3
Sample T(K) C base (pF ) Ae1/ e /J (?o)
MA4 4 .2 1140 0 .4 6 5
390 0 .4 7 0
1 .2 115 5 0 .6 9 9
T a b le  show ing  th e  base c a p a c i t a n c e ,  i n  th e  d a r k ,  
and th e  v a lu e s  o f  eA ^ /e^  a t  t h e  maximum i l l u m i n a t i n g  
















































































































The v a r i a t i o n  o f  c a p a c i ta n c e  w i t h  t im e  under d i f f e r e n t  i l l u m i n a t i o n  
i n t e n s i t i e s  a p p l ie d  t o  an n+- i  sample (S 5 1) a t  30K.
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Capacitance/ (Fx1 O'” )
a I  = 2 . 0 9  yWcm
633nm
25 1 2 5  Time/ksec 2 2 5
Graph 6.6
The c a p a c i ta n c e  o f  an n+ - i - n + sample (K 2 1) ve rs u s  t im e  a t  4 . 2 K. The 
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Graph 6.7
C a p a c i ta n c e  a g a in s t  t im e  f o r  an n+ - i - n + sample ( K 1 V )  a t  12 .5K . The 
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Graph 6.8
A p l o t  o f  th e  v a lu e  o f  Ae1 a g a in s t  t im e  f o r  K11' a t  30K. The 
i n s e t  shows th e  f re q u e n c y  dependence o f  th e  d a rk  and i l l u m in a t e d  
v a lu e s  o f  th e  d i e l e c t r i c  c o n s ta n t .  The change, Ae^ i s  a ls o  
shown on th e  i n s e t .
- 1 0Capacitance/(Fx10 )
6-0 2
6-01
. 6 - 0 0 '
20 10 GO 80
Time/ksec 
Graph 6.9
The change i n  c a p a c i ta n c e  w i t h  t im e  under d i f f e r e n t  le v e ls  o f  
a p p l ie d  c o n s ta n t  i l l u m i n a t i o n  i n  an n+ sample (D 1 ) a t  1 2 .5K. The 
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Graph 6.10
C a p a c i ta n c e  ve rs u s  t im e  under v a r y in g  a p p l ie d  i n t e n s i t i e s  o f  l i g h t  
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D ark  decay
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Graph 6.11
The change i n  th e  c a p a c i ta n c e  v e rs u s  t im e  a t  a number o f  i l l u m i n a t i n g  
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Graph 6.13
The i n t e g r a t i n g  response  a t  12.5K f o r  D1. The a p p l ie d  l i g h t  had 
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^ Log {cr/S cm-1) -10
Graph 6 . 2 0
_2
The v a lu e s  o f  Ae^ /e^  vs a a t  an i n t e n s i t y  o f  10yWcm d a rk  i n c i d e n t  
on th e  sam p le .
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Graph 6 .2 2
F requency  d a ta  f o r  D1 under i l l u m i n a t i o n  (A = 633nm) a7t!  




A p p l ie d  i l l u m i n a t i o n  i n t e n s i t y  = 0.357|jty£i
=1.79 i
ii ii ii _ /|
1 2 .5K
1 2 . 5K
9
-11
1 2 3 4 5
Log(F requency/Hz)
Graph 6.23
The f re q u e n c y  dependence o f  th e  t o t a l  c o n d u c t i v i t y ,  f o r  D2, under 
v a r y in g  deg rees  o f  i l l u m i n a t i o n  (X = 633nm ).
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The ch a rg e  i n  c a p a c i ta n c e  a g a in s t  t im e  a t  a c o n s ta n t  l e v e l  o f  
i l l u m i n a t i o n .  The te m p e ra tu re  was v a r ie d  and th e  v a lu e s  a re  shown 
i n  K e l v i n .  T h is  g raph  shows an n+ - i  sample (S 3 ) .
3lG81 -
3*680-
I l l u m i n a t i o n  i n t e n s i t y  = 1.5viWcm
633nm
10 20
T im e /kse c
Graph 6.25
The v a r i a t i o n  o f  c a p a c i ta n c e  w i t h  t im e  under a c o n s ta n t  i l l u m i n a t i n g  
i n t e n s i t y .  The te m p e ra tu re  was v a r ie d  and th e  v a lu e s  a re  shown 
i n  K e l v i n .  T h is  sample i s  an n+ - i - n + sample ( K 9 ' ) .
log(DC photoconductance/S)
-8  -
- 9  '
-10
-2 —^ log (I/I max) Q
Graph 6.29
DC p h o to co n d u c ta n ce  vs I n t e n s i t y  f o r  sample D2 (n+ )
- 2
a t  4.2K. The maximum i n t e n s i t y  a p p l ie d  i s  179pWcm .
CHAPTER 7
7.1 G ene ra l Mechanism f o r  O p t i c a l l y  Induced  AC Loss i n  a - S i  and 
a - S i : H
The changes, d e s c r ib e d  i n  C h a p te r  6 , i n  c a p a c i ta n c e  and 
co n d u c ta n ce  o f  th e  a - S i  ( o r  a - S i :H )  sam ples under low i n t e n s i t y  
i l l u m i n a t i o n  a re  n o t  due t o  te m p e ra tu re  v a r i a t i o n s .  In  e x p e r im e n ts  
where a - S i  sam ples a re  c o o le d  u s in g  l i q u i d  h e l iu m  th e  te m p e ra tu re  
in c r e a s e  i n d i c a t e d  by th e  v a lu e s  o f  AC o r  AG would  be abou t 4K. The 
ac m easu r ing  equ ipm en t and th e  l a s e r  l i g h t  s u p p ly  power t o  th e  sam ple . 
Assuming t h a t  a l l  t h i s  e ne rgy  i s  c o n v e r te d  to  h e a t ,  we o b ta in ,  u s in g  
known th e rm a l  c o n d u c ta n c e s ,a  r i s e  i n  te m p e ra tu re  o f  ~ 1  mK due t o  
th e s e  s o u rc e s .  The ac power i s  f re q u e n c y  dependent and a t  2kHz i t  i s  
g r e a t e r  th a n  th e  power s u p p l ie d  by th e  l i g h t .  A te m p e ra tu re  r i s e  o f  
1mK i s  o b v io u s ly  i n s u f f i c i e n t  t o  a c c o u n t  f o r  th e  observed  changes in  
AC and AG under i l l u m i n a t i o n .
The decay obse rved  when th e  l i g h t  i s  removed l a s t s  f o r  s e v e r a l  
days i n  a - S i .  I f  th e  in d u ce d  change was due t o  a th e rm a l  e f f e c t  then  
th e  decay s h o u ld  ta k e  p la c e  v e ry  q u i c k l y  as th e  sample c o o ls .  For 
exam p le , a te m p e ra tu re  dec rease  from  -10K down to  4.2K  o c c u rs  w i t h i n  
m in u te s ,  as shown by th e  germanium the rm om e te r  and by th e  change i n
a - S i  samples o r  i n  th e  change i n  C i n  a - S i :H .  The germanium the rm om ete r
i s  good th e rm a l  c o n ta c t  w i t h  th e  sample so i t  w i l l  a ls o  be a t  4 .2 K .  The
v a lu e s  o f  C and G s t a b i l i s e  t o  th e  new te m p e ra tu re  w i t h i n  m in u te s .
In  a - S i :H  sam p les , p re p a re d  by g low  d is c h a rg e ,  th e  r i s e  i n  C and 
G unde r i l l u m i n a t i o n  i s  a g a in  due t o  th e  l i g h t  and n o t  h e a t in g  o f  
th e  sam ple . To p roduce  th e  measured v a lu e s  o f  AC and AG w ould  r e q u i r e  
r a i s i n g  th e  sample to  a round  100K from  - 1 2 . 5 K. S ince th e  power s u p p l ie d  
by th e  l i g h t  and th e  m easu r ing  sys tem  a re  s i m i l a r  t o  th o se  a p p l ie d  to
1 1 2
a - S i  such a change i n  te m p e ra tu re  ca nno t o c c u r .  A g a in ,  th e  decay in  
th e  d a rk  o c c u rs  o v e r  a lo n g  p e r io d  (weeks i n  th e  case o f  a - S i :H  a t  
- 1 2 . 5K) and ca n n o t  be a t t r i b u t e d  t o  a te m p e ra tu re  change. An 
a l t e r n a t i v e  model must t h e r e f o r e  be found  t o  e x p la in  th e  o p t i c a l l y  
in d u c e d  ac l o s s .  A model sugges te d  by Long and H o l la n d  (1985) 
i n v o l v e s  th e  g e n e r a t io n  o f  f r e e  c a r r i e r s  by th e  i n c i d e n t  l i g h t .  These 
a re  r a p i d l y  t ra p p e d  i n  gap s t a t e s  and respond  t o  th e  a p p l i e d  ac f i e l d ,  
e n h a n c in g  th e  ac l o s s .  Removing th e  l i g h t  th e n  a l lo w s  th e s e  t ra p p e d  
c a r r i e r s  t o  recom b ine  o v e r  a lo n g  t im e  p e r i o d ,  g i v i n g  r i s e  t o  th e  
o b se rve d  decays .
The re m a in d e r  o f  t h i s  c h a p te r  w i l l  show how t h i s  g e n e ra l  mechanism 
can be a p p l ie d  t o  d i f f e r e n t  m a t e r i a l s  such as a - S i  and a - S i :H .  F i r s t l y ,  
p r e v io u s  work i s  re v ie w e d  and compared w i t h  c u r r e n t  s t u d ie s  i n  a - S i .
The r e s u l t s  p re s e n te d  i n  C h ap te r  6  f o r  a - S i  a re  d is u c s s e d  and compared
w i t h  a model p roposed  by Long and H o l la n d  (1 9 8 5 ) .  In  th e  n e x t  s e c t io n
a - S i :H  i s  d is c u s s e d  and d e t a i l e d  mechanisms a re  p re s e n te d  t o  e x p la in  
b o th  th e  o p t i c a l  e f f e c t s  a t  h ig h  and low  i n t e n s i t i e s  and th e  d a rk  decay. 
F i n a l l y  o th e r  o p t i c a l l y  in d u c e d  phenomena, such as LESR and 
p h o t o c o n d u c t i v i t y  a re  d is c u s s e d .  O the r  p rob lem s  e n c o u n te re d ,  such as 
m e t a l l i c  d i f f u s i o n ,  e x p e r im e n ta l  and a n a l y s i s  p ro b le m s , doped samples 
and sam ples a re  a l s o  d is c u s s e d .
7 .2  S p u t te re d  a - S i  and a - 5 i : H
( a )  H o l la n d  (P h .D . t h e s i s  1987) found  t h a t  th e  o p t i c a l l y  in d u ce d  ac
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l o s s  was obse rved  i n  s p u t te r e d  a - S i  and s p u t t e r e d  a - S i :H .  These 
m a t e r i a l s  were p re p a re d  u s in g  b o th  c o n v e n t io n a l  and m agnetron 
s p u t t e r i n g .
The n o n - l i n e a r  lo g  vs lo g  I g raphs  o b ta in e d  by H o l la n d  a re  
s i m i l a r  t o  th o s e  f o r  MA4 (a s p u t t e r e d  a - S i  sample used i n  t h i s  w o rk ) .  
The m agn itude  o f  th e  response  was a ls o  s i m i l a r  and decreased  w i t h  
i n c r e a s in g  hydrogen  c o n te n t .
Long and H o l la n d  (1985) su g g e s te d  t h a t  f r e e  e le c t r o n s  and 
h o le s  a re  g e n e ra te d  by th e  i n c i d e n t  l i g h t .  In  th e  s p u t te r e d  a - S i  
and a - S i :H  s t u d ie d  th e se  c a r r i e r s  a re  r a p i d l y  t ra p p e d  i n  d e fe c t  
c l u s t e r s  c lo s e  t o  th e  fe r m i  l e v e l .  The c a r r i e r s  t ra p p e d  i n  th e  
d e fe c t s  can th e n  respond  t o  th e  a p p l i e d  m easur ing  f i e l d  th u s  g i v i n g  
r i s e  t o  an enhanced ac lo s s .
Long e t  a l  (1985 ) d e r iv e d  a r a t e  e q u a t io n  to  e x p la in  th e  
r e s u l t s  o b ta in e d  f o r  s p u t te r e d  m a t e r i a l  (see  a ls o  H o l la n d ,  Ph.D 
t h e s i s  198 7 ) .  I t  i s  assumed t h a t  e q u a l  numbers o f  e le c t r o n s  and 
h o le s  a re  c r e a te d  by th e  i n c i d e n t  p ho ton  e n e rg y .  R ecom b ina t ion  
o c c u rs  by t u n n e l l i n g  a t  th e  r a te
A random d i s t r i b u t i o n  o f  h o le s  i s  assumed t o  e x i s t  a round each 
e l e c t r o n  so t h a t  th e  n e a r e s t - n e ig h b o u r  p r o b a b i l i t y  f u n c t i o n  i s
T ^ ^  e x p (-2 a R ) o ( 7 .1 )
where a "  = th e  decay le n g th  o f  th e  w a v e fu n c t io n
and R = th e  e l e c t r o n - h o le  s e p a r a t io n .
P(R) = 4TTpR^ e x p ( -  - j  upR^) ( 7 .2 )
mwhere p = th e  number o f  e x c i t e d  h o le s  p e r  u n i t  volume = th e  
number o f  e x c i t e d  e le c t r o n s  p e r  u n i t  volume = n .
By c a l c u l a t i n g  th e  ave rage  r e c o m b in a t io n  r a t e ,  t  i t  i s  found
t ' 1  = J°° t~  ' exp(-2aPx)47TpR^ e x p ( -  -yTTpR^)dR
= _i£L. = _eh_ (7 . 3 )
t a  t a '  o o
_  J_
-1 3i f  t h e  d e fe c t  d e n s i t y  i s  lo w ,  i . e .  a  « p  
Thus th e  r a t e  e q u a t io n  i s
= g -  nx~^ = g -  An^ ( 7 . 4 )d t  y o yo
TTwhere A =
gQ i s  th e  g e n e r a t io n  r a t e  and i s  e q u a l  t o  I  Ed, where I  i s  th e  
l i g h t  i n t e n s i t y ,  E = th e  p h o to n  ene rgy  and d i s  the  sample t h ic k n e s s .  
H e re , i t  i s  a ls o  assumed t h a t  a l l  th e  p h o to g e n e ra te d  c a r r i e r s  a re  
t ra p p e d  and c o n t r i b u t e  t o  th e  in d u ce d  lo s s  and re c o m b in a t io n  by 
lu m in e sce n c e  o r  gem ina te  th e rm a l  r e c o m b in a t io n  can be n e g le c te d .
A f i n a l  assum p tion  i s  t h a t  th e  o p t i c a l l y  in d u ce d  lo s s  i s  d i s t i n c t  
f rom  th e  d a rk  l o s s .  T h is  i s  shown t o  be a v a l i d  assum p tion  i n  
s e c t i o n  7 . 3 ( d ) .
7 . 2 ( b )  A p p l i c a t i o n s  o f  th e  Rate E q u a t io n  i n  S p u t te re d  M a t e r ia l
In  o rd e r  t o  d e te rm in e  unde r what c o n d i t i o n s  th e  r a t e  e q u a t io n  i s  
v a l i d  a s e r ie s  o f  c a l c u l a t i o n s  has been p e r fo rm e d .
The r a t e  e q u a t io n  g iv e s  r i s e  t o  
9,
n = oX
( 7 . 5 )
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when e q u i l i b r i u m  c o n d i t i o n s  a re  re ached .
i . e  * = 0 .  ( 7 . 6 )
When th e  i l l u m i n a t i o n  i s  removed th e  g e n e r a t io n  r a t e ,  gQ, 
becomes z e r o ,  th u s
1
n = A t
( 7 .7 )
I t  i s  assumed t h a t  th e  change i n  th e  d i e l e c t r i c  c o n s ta n t  i s  p r o p o r t i o n a l  
t o  th e  number o f  excess c a r r i e r s  g e n e ra te d  by th e  i l l u m i n a t i o n ,
th u s  = Kn. ( 7 . 8 )
A f u r t h e r  a s s u m p t io n ,  w h ich  i s  re a s o n a b le  a t  s h o r t  and 
in t e r m e d ia t e  t im e s ,  i s  t h a t  th e  d i s t r i b u t i o n  o f  t ra p p e d  c a r r i e r s  i s  
u n i fo r m  ( H o l la n d ,  Ph.D t h e s i s  1987 ) .
The lo n g  decays i n  s p u t te r e d  m a t e r i a l  and in  th e  decays observed 
i n  g low  d is c h a rg e  m a t e r i a l  do n o t  f o l l o w  a 1 / t  r e l a t i o n .  A more 
d e t a i l e d  a n a l y s i s  i s  t h e r e f o r e  r e q u i r e d  and i s  d is c u s s e d  i n  s e c t io n  
7 . 3 ( e ) .
E q u a t io n s  7 .7  and 7 .8  g iv e  r i s e  t o
a 1 K
AC1 = t  A =
r  2
K_ J _  
A Ed
( 7 .9 )
T h is  p r e d i c t s  t h a t  th e  change i n  c a p a c i ta n c e  w i t h . i n c r e a s i n g
l
i n t e n s i t y  w i l l  f o l l o w  an I 2  r e l a t i o n .  T h is  has been obse rved  a t  low
_2
i n t e n s i t i e s  ( l e s s  th a n  100nWcm ) i n  s p u t te r e d  m a t e r i a l .  T h is  in c lu d e s  
b o th  p u re  a - S i  and w eak ly  h y d ro g e n a te d  m a t e r i a l  p re p a re d  by s p u t t e r i n g  
a t  room te m p e ra tu re .  The a - S i :H  samples p repa red  by th e  g low
d is c h a r g e  d e c o m p o s i t io n  o f  S iH^ gas and d e p o s i te d  on h e a ted  s u b s t r a te s
1 1 6
a re  a n a ly s e d  i n  th e  n e x t  s e c t io n .
The v a lu e  o f  K can be found from  th e  g r a d ie n t  o f  th e  lo g  Ae^ vs 
lo g  I  p l o t  and from  a know ledge o f  K /A . T h is  i s  found  from  th e  decay
d a ta  a t  lo n g  t im e s  u s in g  7 .9  and graph  7 .2  a t  4 .2 K .  Thus K i s
-19 3 _?n
1 .096  x 10 cm and a v a lu e  f o r  A i s  3 .477  x 10 seconds . The
i
d e n s i t y  o f  e x c i t e d  e le c t r o n s  a t  th e  to p  o f  th e  I 2  r e g io n  i n  g raph  6 .2
Ae 1
i s  th e n  c a l c u l a t e d ,  from  K by u s in g  n = — . The v a lu e  o f  N(Ep)
( f o r  a 1eV d i s t r i b u t i o n  o f  d e fe c t s )  i s  th e n  o b ta in e d  and i s  
17 -1 -3
- 4 . 6  x 10 eV cm. H o l la n d  (Ph.D t h e s i s  1987) o b ta in e d  s i m i l a r  v a lu e s
1 7, r  _ 3
a t  4 .2 K .  For example f i g u r e s  o f  a round  4 .1  x 10 /cm were o b ta in e d  
f o r  pu re  a - S i  (m agne tron  s p u t te r e d )  a t  4 .2 K .  Samples c o n t a in in g  
hyd rogen  were found  t o  have a low e r  d e n s i t y  o f  e x c i t e d  e le c t r o n s  
( - 1 . 9  x 10 1 7  cm ^ down t o  3 .2  x 1 0 ^  cm ^ ) .  These f i g u r e s  a re  c o n s i s t e n t  
w i t h  th e  id e a  t h a t  hyd rogen  reduces th e  number o f  d e fe c t  s t a t e s  by 
s a t u r a t i n g  d a n g l in g  bonds w i t h i n  th e  a - S i :H  s t r u c t u r e .
7 . 2 ( c )  In a d e q u a c ie s  o f  th e  S im ple  Model
The s im p le  a n a l y s i s  d e s c r ib e d  i n  th e  p r e v io u s  two s e c t io n s  ( 7 . 2 ( b )  
and 7 . 2 ( c ) )  i s  c l e a r l y  i n c o n s i s t e n t  w i t h  some o f  th e  d a ta  o b ta in e d  f o r  
s p u t t e r e d  m a t e r i a l .  F i r s t l y ,  th e  lo g  Ae^ vs lo g  I  p l o t s  show t h a t
i i
th e  g r a d ie n t  c h a n g in g  from  I 2  to  I 4  as I  in c re a s e s  o v e r  5 o rd e rs  o f  
m a g n i tu d e .  S e c o n d ly ,  th e  decay o n ly  f o l l o w s  a 1 / t  r e l a t i o n  f o r  s h o r t  
t im e s ,  as g raph  7 .2  c l e a r l y  shows. P l o t t i n g  th e  decay on a Ae^ vs 
l o g  ( t im e )  g raph  g iv e s  a s t r a i g h t  l i n e .
The reason  f o r  th e  d is c re p a n c ie s  between th e  e x p e r im e n t  and th e o r y  
i s  t h a t  th e  random d i s t r i b u t i o n  o f  t ra p p e d  c a r r i e r s  i s  n o t  p re s e rv e d  
as t im e  p ro g re s s e s .  The more c lo s e l y  spaced a t ra p p e d  c a r r i e r  and 
h o le s  recom b ine  b e fo re  more d i s t a n t l y  s e p a ra te d  p a i r s .  The
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r e c o m b in a t io n  t im e s  o f  t ra p p e d  c a r r i e r s  w i l l  now become g r e a te r  as a
r e s u l t .  T h is  id e a  i s  deve loped  i n  more d e t a i l  i n  s e c t io n  7 . 3 ( f )  w h ich
d e a ls  w i t h  th e  decays i n  g low  d is c h a rg e  m a t e r i a l .
7 . 2 ( d )  The Reduced Rate o f  In c re a s e  o f  Ac w i t h  In c r e a s in g  I n t e n s i t y
_2
Graph 6 .2  shows t h a t  be low  ~100nW cm th e  g r a d ie n t  o f  th e
lo g (A e ^ /A e )  vs lo g  I  p l o t  i s  a round  0 .3  i n  s p u t te r e d  a - S i .  As th e
2 - 2l i g h t  i n t e n s i t y  r i s e s  t o  A x 10 nW cm th e  g r a d ie n t  dec reases  u n t i l
i
i t  f o l l o w s  an I 4  r e l a t i o n .  A sh a rp  change i s  n o t  obse rved  and th e  
two r e g io n s  merge i n t o  one a n o th e r .  H o l la n d  (Ph.D t h e s i s  1987)
i
a t t r i b u t e d  th e  I 2  b e h a v io u r  t o  s t r o n g l y  s e l f - t r a p p e d  c a r r i e r s .  D e fe c t  
s t a t e s  c lo s e  t o  th e  Ferm i l e v e l  a re  f i l l e d  by c a r r i e r s  e x c i t e d  a t  low  
i n t e n s i t i e s .  As th e  l i g h t  i n t e n s i t y  in c r e a s e s  s t a te s  f u r t h e r  f rom  th e  
fe r m i  l e v e l  a re  f i l l e d .  These a re  l i k e l y  t o  be le s s  s t r o n g l y  t ra p p e d  
le a d in g  t o  a dec rease  i n  re c o m b in a t io n  t im e s .  S h o r te r  r e c o m b in a t io n  
t im e s  a re  e v id e n t  i n  th e  q u ic k e r  response  t im e s  o f  AC. A t th e  h ig h e s t  
l i g h t  i n t e n s i t i e s  th e  e x c i t e d  s t a t e s  w i l l  possess  a b road  d i s t r i b u t i o n  
o f  r e c o m b in a t io n  t im e s  meaning t h a t  c a r r i e r s  t ra p s e d  i n  s h a l lo w  s t a t e s  
w i l l  recom b ine  more r a p i d l y  th a n  th o s e  t ra p p e d  i n  deep s t a t e s .
E v id e n ce  f o r  s e l f - t r a p p i n g  i s  o b ta in e d  by f i n d i n g  th e  a v a lu e s .  
These have been c a l c u la t e d  by H o l la n d  (Ph.D  t h e s i s  1987) and a re  o f  th e
O 0
o r d e r  o f  8 A t o  12A f o r  s p u t te r e d  m a t e r i a l .
i  i
The w id th  o f  th e  I 4  -► I 2  t r a n s i t i o n  r e g io n  can be e x p la in e d  by 
c o n s id e r in g  th e  l i g h t  i n t e n s i t y  a b so rb e d ,  by th e  sample, a t  v a r y in g  
d e p th s  w i t h i n  th e  b u lk .
As th e  633nm l i g h t  p e n e t r a te s  th e  a - S i ,  some w i l l  be abso rbed .
The s u r fa c e  i l l u m i n a t i n g  i n t e n s i t y  w i l l  t h e r e f o r e  be g r e a te r  th a n  th e  
i n t e n s i t y  found  i n  deeper re g io n s  o f  th e  sam p le . T h is  means t h a t  th e  
f i l m  s u r fa c e  w i l l  be r e c e iv in g  more l i g h t  and w i l l  e x h i b i t  a g r e a te r
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i
re sp o n se ,  and change as I 4 , th a n  deepe r r e g io n s .  The response  from 
th e  deeper r e g io n s  w i l l  be masked by th e  response  o f  s u r fa c e  s t a t e s .
As th e  maximum i l l u m i n a t i n g  i n t e n s i t y  d ro p s ,  th e  s u r fa c e  s t a t e s  w i l l  
b e g in  t o  r e c e iv e  le s s  l i g h t .  T h is  im p l i e s  t h a t  a reduced  response
I
w i l l  be o b s e rve d ,  and w i l l  approach  I 2  b e h a v io u r ,  l e a d in g  t o  th e
i i
I 4  -► I 2  t r a n s i t i o n  r e g io n .  As th e  i n t e n s i t y  d rops  f u r t h e r  to w a rd s
i
th e  lo w e s t  i n t e n s i t i e s  even th e  sample s u r fa c e  w i l l  be i n  th e  I 2  
r e g io n .
7 . 2 ( e )  The Tem pera tu re  Dependence o f  Ae^/e^
Bo th  s p u t te r e d  and g low  d is c h a rg e  m a t e r i a l  show a te m p e ra tu re  
dependent A e ^ /e ^ .  The dependence o f  A e^ /e^  i s  weak i n  s p u t t e r e d
m a t e r i a l  (be tw een 1.2K and 4 .2 K )  and i s  most o b v io u s  a t  low  i n t e n s i t i e s
(see  graph  6 . 2 ) .  I f  r e c o m b in a t io n  i s  by t u n n e l l i n g  (see
s e c t io n  ( 7 . 3 ( d ) )  then  th e  te m p e ra tu re  e f f e c t  can be
e x p la in e d .  E le c t r o n  s e l f - t r a p p i n g  o c c u rs  due to  i n t e r a c t i o n s  w i t h  th e  
l a t t i c e .  To e x c i t e  th e se  t ra p p e d  c a r r i e r s  i n t o  re c o m b in in g ,  energy  
must be s u p p l ie d .  A t low  te m p e ra tu re s  t h i s  comes from  th e  z e ro  p o in t  
ene rgy  o f  l a t t i c e  v i b r a t i o n s  and as th e  te m p e ra tu re  in c re a s e s  ene rgy  i s  
s u p p l ie d  by t h e r m a l l y  e x c i t e d  phonons. T h is  le a d s  t o  a f a s t e r  
r e c o m b in a t io n  r a t e .  The e f f e c t  o f  in c r e a s in g  th e  r a t e  o f  re c o m b in a t io n  
a t  a c o n s ta n t  e x c i t a t i o n  (e q u a l  t o  g^ w h ich  i s  p r o p o r t i o n a l  t o  th e  
i l l u m i n a t i n g  i n t e n s i t y )  i s  t o  dec rease  th e  o p t i c a l l y  in d u ce d  change.
T h is  i s  e v id e n t  i n  th e  d a ta  f o r  sample MA4 and i n  th e  s p u t t e r e d  m a t e r i a l  
s t u d ie d  by H o l la n d  (Ph.D  t h e s i s  19 8 7 ) .
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7 .3  Glow D is c h a rg e  a - S i :H
7 . 3 ( a )  Com parison o f  th e  O p t i c a l  E f f e c t  i n  Glow D is c h a rg e  M a t e r i a l
w i t h  th e  Response i n  S p u t te re d  Samples
The o p t i c a l l y  in d u c e d  response  i n  a - S i :H  p re p a re d  by th e  g low
d is c h a rg e  d e c o m p o s i t io n  o f  S iH^ gas shows some s i m i l a r i t i e s  t o  t h a t
o b se rve d  i n  s p u t t e r e d  m a t e r i a l .  A t h ig h  i n t e n s i t i e s  ( i . e .  above 
_2
~1yWcm ) th e  response  s a t u r a t e s  i . e .  i t  in c re a s e s  u n t i l  a c o n s ta n t
v a lu e  i s  re a c h e d .  The s a t u r a t i o n  v a lu e  o f  Ae^ i s  found  t o  v a ry  as a
low  power o f  i n t e n s i t y .  Removal o f  th e  l i g h t  causes a r e t u r n  to  the
d a rk  s t a t e .  T h is  d i f f e r s  from  th e  decay i n  s p u t t e r e d  samples i n  t h a t
th e  decay l a s t s  f o r  a much lo n g e r  t im e  ( e . g .  days o r  lo n g e r ,  compared
w i t h  le s s  th a n  one day f o r  sample MA4, a pu re  a - S i  s a m p le ) .  T h is
i n d i c a t e s  t h a t  th e  e x c i t e d  c a r r i e r s  rem a in  t ra p p e d  f o r  l o n g e r .
The i l l u m i n a t e d  response  p e r s i s t s  t o  h ig h e r  te m p e ra tu re s  i n  low
d is c h a rg e  a - S i :H  (up t o  ~50K o r  -60K) th a n  in  th e  s p u t t e r e d  m a t e r ia l
s t u d ie d  by H o l la n d  (Ph.D  t h e s i s  1987).
O the r  im p o r ta n t  d i f f e r e n c e s  found i n  th e  o p t i c a l  response  o f
and i n  g low  d is c h a r g e  samples in c lu d e  th e  i n t e g r a t i n g  response  a t
_2
i n t e n s i t i e s  be low  ~1yWcm and i n  th e  i l l u m i n a t e d  f re q u e n c y  response .
These a re  d is c u s s e d  i n  g r e a t e r  d e t a i l  i n  s e c t io n s  7 . 3 ( b )  and 7 . 3 ( c )
r e s p e c t i v e l y .
7 . 3 ( b )  Mechanism R e s p o n s ib le  f o r  th e  O p t i c a l l y  Induced  Loss i n  Glow
D is c h a rg e  M a t e r i a l
T h is  m a t e r i a l  has a lo w e r  d e n s i t y  o f  d e fe c t  s t a t e s  deep w i t h i n
t h e  band-gap th a n  s p u t t e r e d  m a t e r i a l .  E5R s tu d ie s  have shown t h a t  th e
16 -3s p in  d e n s i t y  i s  le s s  th a n  10 cm f o r  a - S i :H  (compare w i t h  a v a lu e  
19 -3o f  10 cm i n  a - S i )  p re p a re d  u s in g  th e  g low  d is c h a rg e  te c h n iq u e .  These
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d e fe c t s  a re  r e s p o n s ib le  i n  s p u t te r e d  a -S i  o r  s p u t t e r e d  a - S i :H  f o r  
t r a p p in g  c a r r i e r s  w h ich  respond  t o  th e  a p p l ie d  ac f i e l d .  The 
c o n t r i b u t i o n  from  th e s e  s t a t e s  i . e .  a - S i :H ,  p re p a re d  by g low  d is c h a rg e ,  
i s  l i k e l y  t o  be s m a l l  compared w i t h  a s p u t te r e d  m a t e r i a l  b u t  a s t ro n g  
in d u c e d  s ig n a l  i s  s t i l l  fo u n d .  A no the r  t r a p p in g  mechanism must
t h e r e f o r e  e x i s t .  We p o s t u la t e  t h a t  c a r r i e r s  a re  t ra p p e d  i n  b and -ta i l
s ta tes  where th e y  can rem a in  f o r  a c o n s id e ra b le  le n g th  o f  t im e  (~ 
s e v e r a l  days o r  weeks a t  12 .5K ) b e fo re  re c o m b in a t io n  ta k e s  p la c e .
The r e s u l t s  p re s e n te d  i n  C hap te r  6  show ing th e  f re q u e n c y  
dependence o f  th e  o p t i c a l l y  in d u c e d  lo s s  and th e  lo g  Ae^ vs lo g  I
g raphs  a re  now used t o  c o n f i r m  th e  above id e a .
I t  has been assumed t h a t  th e  o p t i c a l l y  in d u c e d  lo s s  i s  indepe nden t 
o f  th e  backg round  l o s s .  We now show bo th  e x p e r im e n ta l l y  and a n a l y t i c a l l y  
t h a t  t h i s  i s  th e  case .
E x p e r im e n ta l l y  th e  f re q u e n c y  dependence o f  th e  c a p a c i ta n c e  and 
co nduc ta nce  a re  c o n s id e r e d .
The d a rk  c o n d u c t i v i t y  a t  4 .2K  (see g raph 5 .1 2 )  obeys th e  f o l l o w in g
law
a a o)S w i t h  s ~ 1 . ( 7 . 1 0 )
Under i l l u m i n a t i o n ,  o f  v a r y in g  degrees o f  i n t e n s i t y ,  i t  can be
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seen t h a t  s d e c re a se s  from  0 . 90 to  0.70 when I  =* 0.357yWcm 
_2
and 1 =  1 .70yWcm r e s p e c t i v e l y .
These c u rv e s  a re  e q u iv a le n t  t o  th e  da rk  c o n d u c t i v i t y  c u rve s  a t  
h ig h e r  te m p e ra tu re s  as can be seen i n  graph 5 .2 .
1 2 1
A s i m i l a r  e f f e c t  i s  o b se rv e d  i n  th e  
c a p a c i ta n c e  d a ta  where th e  f re q u e n c y  dependence o f  th e  in d u ce d  
c a p a c i ta n c e  i s  s i m i l a r  t o  t h a t  obse rve d  a t  h ig h e r  te m p e ra tu re s  (see  
g ra p h  6 . 8 . I t  can t h e r e f o r e  be c o n c lu d e d  t h a t  th e  in d u ce d  lo s s  
i n v o l v e s  a d i f f e r e n t  p o p u la t io n  o f  s t a t e s ,  i . e .  th o s e  i n  th e  band- 
t a i l s ,  f rom  th e  d e f e c t  s t a t e s  r e s p o n s ib le  f o r  th e  low  te m p e ra tu re  lo s s  
i n  g low  d is c h a rg e  m a t e r i a l .  A n a l y t i c a l l y ,  H o l la n d  (Ph.D  t h e s i s  1987) 
and Long showed t h a t  th e  r a t e  e q u a t io n  can be w r i t t e n  as
dn . p .
d t = g o + 9t h  ( 7 ‘ 11)
where gQ = th e  g e n e r a t io n  r a t e  due t o  i l l u m i n a t i o n
^ t h  = th e  th e rm a l  g e n e ra t io n  r a t e  o f  c a r r i e r s
p = an i n t e g e r
A = a c o n s ta n t .
The te rm  An *3  i s  th e  re c o m b in a t io n  te rm  i n  e q u a t io n  7 .1 1 .  d a rk
e q u i l i b r i u m  g ^  = An^
n = h + n where n = ' th e  number o f  c a r r i e r s / u n i t  volume 
0 0 v
w h ich  c o n t r i b u t e  t o  th e  d a rk  lo s s  and n i s  th e  number o f  o p t i c a l l y  
in d u c e d  c a r r i e r s  c o n t r i b u t i n g  t o  th e  ac l o s s .
From 7 . 1 1 , o»o<l se-ttlnj
4?- = g + An -  An* -  d t  yo o o
— q — 2 _A r\r\.p
T h is  e q u a t io n  p r e d i c t s  t h a t ,  unde r e q u i l i b r i u m  c o n d i t i o n s ,  th e
l i g h t  in d u c e d  loss i s  l i n e a r  i . e .  n a  gQ and i f  As a  Kn th e n  the
p l o t  o f  Ae vs I  w i l l  be l i n e a r .  An e x p o n e n t ia l  decay w i l l  a ls o  be
o b se rve d  on rem ova l o f  th e  l i g h t  s in c e  n. ~ e x p ( -2 A n  t ) .  Such^ i  r  o
1 2 2
r e s u l t s  a re  n o t  o b s e rv e d  and th e  o n ly  a ssu m p t io n  made i s  t h a t  
An «  n . The o p t i c a l l y  in d u c e d  change i n  AG i s  fo u n d  t o  be s m a l l  
so th e  above a ss u m p t io n  i s  v a l i d .
O the r  e x p e r im e n ts  a ls o  s u p p o r t  th e  id e a  o f  c a r r i e r s  t r a p p e d  i n  
b a n d - t a i l  s t a t e s .  These co n c e rn  LESR m easurem ents , DC 
p h o t o c o n d u c t i v i t y ,  low  te m p e ra tu re  d r i f t  m o b i l i t y  and t r a n s i e n t  
p h o t o c o n d u c t i v i t y  m easurem ents . These a re  d is c u s s e d  i n  g r e a t e r  
d e t a i l  i n  s e c t io n  4 .5
7 . 3 ( c )  The I n t e g r a t i n g  Response a t  Low I n t e n s i t i e s
_2
The i n t e g r a t i n g  resp o n se  obse rved  a t  i n t e n s i t i e s  be low  ~1pWcm 
i s  due t o  th e  f a c t  t h a t  th e  p o p u la t io n  o f  t r a p p e d  c a r r i e r s  does n o t  
b u i l d  up s u f f i c i e n t l y  f a s t  i n  o rd e r  f o r  th e  r e c o m b in a t io n  r a t e  t o  
be b a la n ce d  by th e  g e n e r a t io n  r a t e .  The speed o f  th e  in c r e a s e  i n  th e  
o p t i c a l l y  induced  s i g n a l  i s  because ~98?o o f  th e  c h a rg e  lo d g e d  in  
th e  b a n d - t a i l s  recom b ines  v ia  gem ina te  c h a n n e ls  e .g .  lu m in e s c e n c e .
As th e  i l l u m i n a t i n g  i n t e n s i t y  in c r e a s e s  th e  g e n e r a t io n  r a t e  o f  
c a r r i e r s  a ls o  in c r e a s e s .  T h is  means t h a t  th e  p o p u la t i o n  o f  t ra p p e d  
c a r r i e r s  can become g r e a t e r  u n t i l  th e  r e c o m b in a t io n  r a t e  b a la n c e s  
th e  r a t e  a t  w h ich  th e s e  t ra p p e d  c a r r i e r s  b u i l d - u p .  E q u i l i b r i u m  
c o n d i t i o n s  w i l l  be a c h ie v e d  i n  t h i s  case .
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The r a t e  a t  w h ich  p h o t o - e x c i t e d  c a r r i e r s  a re  t ra p p e d  can be used
t o  c a l c u l a t e  th e  e f f i c i e n c y  o f  th e  c a r r i e r  t r a p p in g  mechanism. I t
_2
i s  assumed t h a t  a v a lu e  o f  Ae «  2 x 10 i s  e q u iv a le n t  t o  a round  
1710 s p in s  i n  th e  f o l l o w i n g  c a l c u l a t i o n .  A e ^ /A t  can be o b ta in e d  from
th e  r i s e  t im e s  i n  th e  i n t e g r a t i n g  r e g io n  and hence A n /A t  can be fo u n d .
12 -3  -1I n  a t y p i c a l  sam p le ,  K9, A n /A t  »  4 .7 9  x 10 cm s . An i l l u m i n a t i n g
i n t e n s i t y  o f  ~2.9nW was used and hence th e  number o f  p h o to n s  abso rbed
13by th e  s i l i c o n  can be c a l c u l a t e d .  A v a lu e  o f  - 0 . 5 8  x 10 p h o to n s  
-3  - 1cm s i s  o b ta in e d .  D i v i d i n g  th e  v a lu e  o f  A n /A t  by t h i s  number g iv e s  
a t r a p p in g  e f f i c i e n c y ,  r), o f  - 8 . 4  x 10 T h is  i s  o f  th e  o r d e r  
e x p e c te d  due t o  th e  f a c t  t h a t
a b o u t  97% o f  c a r r i e r s  recom b ine  v e ry  q u i c k l y  by p ro c e s s e s  such as
lu m in e s c e n c e .  C a l c u l a t i n g  ri f o r  o t h e r  sam p les , i n  th e  i n t e g r a t i n g
r e g io n ,  g iv e s  s i m i l a r  v a lu e s ,  e . g .  - 6 . 0  x TO ^ f o r  K11 and 
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r| -  3 .4  x 10 f o r  D1  a t  s i m i l a r  i l l u m i n a t i n g  i n t e n s i t i e s  a p p l i e d  
f o r  s i m i l a r  t im e s  (see  a ls o  t a b l e  7 . 1 4 ) .  I t  can be seen t h a t  r\ 
d e c re a se s  as th e  s a t u r a t i o n  l i m i t  i s  app roached . T h is  i s  e x p e c te d  
because o f  th e  re c o m b in a t io n  mechanisms wh ich  compete w i t h  th e  
t r a p p in g  o f  c a r r i e r s  as e q u i l i b r i u m  c o n d i t i o n s  a re  re a ch e d .
7 . 3 ( d )  R eco m b in a t io n
The model p roposed  by D ersch  e t  a l  (1983) a c c o u n ts  f o r  th e  
re c o m b in a t io n  mechanisms i n v o lv e d  i n  a - S i  and a - S i :H  sam p les .  The 
o n ly  s t a t e s  w i t h i n  th e  band gap, i n  t h i s  m ode l, a re  l o c a l i z e d  t a i l  
s t a t e s  and d e fe c t  s t a t e s .  I n i t i a l l y ,  c a r r i e r s  a re  e x c i t e d  by th e  
a p p l ie d  i l l u m i n a t i o n  (as  shown i n  d iag ram  7 . 1 ) .  These t h e r m a l i z e  t o  
s h a l lo w e r  s t a t e s  i n  th e  b a n d - t a i l s  i n  th e  case o f  a - S i : H .  They th e n  
re m a in  t ra p p e d  u n t i l  r e c o m b in a t io n  ta k e s  p la c e  v ia  a d e fe c t  s t a t e ,
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as shown i n  d ia g ra m  7 .1 .  E le c t r o n s  th e n  recom b ine  by d i f f u s i n g  t o  
excess  h o le s .
In  a - S i ,  c a r r i e r s  a re  t ra p p e d  i n  d e fe c t  s t a t e s  u n t i l  th e y  
recom b ine  by t u n n e l l i n g .
The above model i s  a ls o  d is c u s s e d  i n  C h a p te r  3 where i t  i s  
a p p l ie d  t o  e x p la in  i n f r a - r e d  quen ch in g  o f  an o p t i c a l l y  in d u c e d  ESR 
s i g n a l .  The decay c u r v e s ,  p l o t t e d  on a g raph  o f  A e ^ ( t im e ) / A e ^ (0 )  
a g a in s t  lo g  ( t im e )  a re  c lo s e  t o  b e in g  a s t r a i g h t  l i n e ,  o r  even a 
s t r a i g h t  l i n e  i n  some samples s t u d ie d .  As i n  a - S i  sam ples (see  
s e c t i o n  7 . 2 ( c ) )  t h i s  can be e x p la in e d  q u a l i t a t i v e l y  by th e  more 
c l o s e l y  spaced e l e c t r o n - h o l e  p a i r s  re c o m b in in g  more q u i c k l y  th a n  
more d i s t a n t l y  spaced p a i r s .  In  th e  n e x t  two s e c t io n s  we d e v e lo p  
a s im p le  a n a l y t i c a l  model i n  w h ich  t h i s  id e a  i s  in c o r p o r a te d  and 
a p p ly  i t  t o  o u r  d a ta .
7 . 2 ( e )  A n a ly s is  o f  th e  Dark Decay
The decay o f  Ae^ w i t h  t im e  once th e  l i g h t  has been removed i s  
n o t  l i n e a r .  In  some cases th e  d a ta  i s  l i n e a r  on a Ae^ vs l o g ( t im e )  
p l o t ,  b u t  n o t  i n  a l l  samples a t  e v e ry  te m p e r a tu re .  I n  o r d e r  t o  q u a n t i f y  
t h e  decay r a t e s  and th e  e f f e c t  o f  te m p e r a tu r e ,  o r  sample m a t e r i a l  
t h e  f o l l o w i n g  model has been p ro p o se d .
The f o l l o w i n g  a ssu m p t io n s  a re  made i n  th e  m ode l:
( i )  E qua l numbers o f  e l e c t r o n s  and h o le s  a re  t ra p p e d  ( i . e .  n = p)
th u s  r e c o m b in a t io n  i s  b im o le c u la r .
( i i )  H o les  a re  t r a p p e d  and a re  im m o b i le .  E le c t r o n s  d i f f u s e  t o  th e
t ra p p e d  h o le s  i n  o r d e r  f o r  r e c o m b in a t io n  t o  o c c u r .  We e s t im a te
t h a t  th e  d i s t a n c e  r e q u i r e d  f o r  an e l e c t r o n  t o  d i f f u s e  t o  a
- 1 / 3t ra p p e d  h o le  i s  -  [ n ( t ) ]
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( i i i )  The d i f f u s i o n  p ro c e s s  w h ich  p recedes  r e c o m b in a t io n  t a k e s  p la c e
by e le c t r o n s  t u n n e l l i n g  th ro u g h  band t a i l  s t a t e s  (M onroe  1983 ).
( i v )  D i f f u s i n g  e l e c t r o n s  d ro p  lo w e r  i n  ene rgy  as t im e  p r o g re s s e s .
No th e rm a l  e n e rg y  i s  a v a i l a b l e  t o  e x c i t e  t r a p p e d  c a r r i e r s  a t  th e
low te m p e ra tu re s  i n v o l v e d .  The s e p a r a t io n  o f  t r a p p e d  e le c t r o n s  
i n  th e  b a n d - t a i l  w i l l  in c r e a s e  as a r e s u l t  o f  d i f f u s i o n  le a d in g  
t o  an in c r e a s e  i n  th e  t im e  r e q u i r e d  f o r  t u n n e l l i n g .  The 
d i f f u s i o n  c o e f f i c i e n t  D ( t )  w i l l  t h e r e f o r e  d e c re a s e  as a r e s u l t ,  
( v )  Movaghar e t  a l  (1 9 8 6 ,  1986, 1987) c a l c u la t e d  th e  d i f f u s i o n
c o e f f i c i e n t  f o r  a p u ls e  o f  i n j e c t e d  c a r r i e r s  a t  low  te m p e r a tu re s .
I t  was found  t h a t  D ( t ) The r e c o m b in a t io n  t im e  can
/  3n / D  where'now be c a l c u l a t e d  i . e . -  r e c o m b in a t io n  t im e
1 t h e  d i s t a n c e  an e l e c t r o n  d i f f u s e s
n th e  number o f  e l e c t r o n s  d i f f u s i n g  - p
t t im e
A a c o n s ta n t
t  = a -O
2 /3The d i f f u s i o n  r a t e  i s  t h e r e f o r e  n D and th e  d i f f e r e n t i a l
e q u a t io n  g o v e r n in g  th e  r e c o m b in a t io n  r a t e  i s
dn
d t
(7 .1 2 )
S o lv in g  th e  d i f f e r e n t i a l  e q u a t io n  and s e t t i n g  t h e  i n i t i a l
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( 7 .1 4 )
( v i )  The f i n a l  a s s u m p t io n  i s  t h a t  Ae^an i . e .  t h e  o p t i c a l l y  in d u ce d
lo s s  i s  p r o p o r t i o n a l  t o  th e  number o f  t r a p p e d  c a r r i e r s  assuming 
t h a t  th e  c o n t r i b u t i o n  t o  th e  lo s s  due t o  each t r a p p e d  c a r r i e r  
i s  e q u a l .
7 . 3 ( f )  F i t t i n g  P ro ce d u re
The decay c u rv e s  were p l o t t e d  on a A e ^ / ( A e ^ ) Q vs lo g  ( t im e )  p l o t .
T h is  e n a b le d  d i r e c t  c o m pa r isons  between th e  v a r io u s  g ra p h s  and th e o ry
t o  be made. F i t t i n g  th e  t h e o r e t i c a l  r e s u l t s  o b ta in e d  from  e q u a t io n  7.13
t o  th e  e x p e r im e n ta l  d a ta  was a cco m p l ish e d  by f i r s t l y ,  c a l c u l a t i n g  th e
maximum g r a d ie n t .  From e q u a t io n  7.13
d ( n / n 0 }
d l n t  = 9 r a d i e n t - (7 .1 5 )
and r e w r i t i n g  7 .13  i n  a more g e n e ra l  fo rm  as 
Ae /y \ a  ^ - 3 / 2
CAe1 ] o




' y 2 / 3 - f
(7.16)
( 7 .1 7 )
The g r a d ie n t  has a maximum v a lu e  when i t s  d e r i v a t i v e  e q u a ls  z e ro .
The maximum v a lu e  o f  th e  g r a d ie n t  i s  t h e r e f o r e  a p p r o x im a te ly  0 .4 6 5 a .
The v a lu e  f o r  th e  maximum g r a d ie n t  was th e n  compared w i t h  th e
e x p e r im e n t a l l y  ob se rve d  v a lu e  and f i t t e d  t o  th e  c u r v e .  T h is  enab led
th e  p a ra m e te rs  a and hence t ^  t o  be d e te rm in e d .
C u rves , o b ta in e d  u s in g  e q u a t io n  7 .1 3 ,  have been f i t t e d  t o  th e
decay d a ta .  These a re  p l o t t e d  i n  d iag ram s 7 . 3  t o  7 .1 3  . Graph 7 . 8
f o r  K11, (an n+- i - n + sam p le )  shows t h a t  th e  f i t t e d  c u rv e s  a re  a
s i m i l a r  shape. In  th e  m id d le  p o r t i o n s  o f  th e  g raphs  th e  f i t  i s
re a s o n a b ly  c lo s e ,  b u t  a t  s h o r t  and v e ry  lo n g  t im e s  th e s e  d e v ia t e  from
th e  e x p e r im e n ta l  d a ta .  The f i t t e d  cu rv e s  can be seen t o  f a l l  more
r a p i d l y  as t im e  p ro g r e s s e s ,  and th e  i n i t i a l  v a lu e s ,  a t  t im e s  le s s
th a n  10 seconds , a re  s l i g h t l y  lo w e r .  When n = n , D = D and ’ ^ * o ’ o
17 -3  -13assum ing nQ ~ 10 cm ( f r o m  LESR s tu d ie s )  and t a k in g  t Q -1 0  seconds,
-4  2 -1Dq = 5 x 10 cm s . T h is  v a lu e  does n o t  d i f f e r  s i g n i f i c a n t l y  from
th o s e  found  by G runewald  e t  a l  (1 9 8 5 ) .
7 . 3 ( g )  The D e te c t io n  o f  C a r r i e r s  Trapped i n  th e  Band T a i l s
The t ra p p e d  c a r r i e r s  re s p o n d in g  to  an a p p l i e d  ac f i e l d  o f  ~*2kHz
have r e l a x a t i o n  t im e s  o f  500ys . I t  i s  s t a t e d  i n  p r e v io u s  s e c t io n s ,  
w h ich  d e s c r ib e  and e x p la in  th e  mechanisms r e s p o n s ib le  f o r  th e  low  
te m p e ra tu re  ac c a r r i e r s  can move, i n  response  t o  th e  ac f i e l d ,
w i t h i n  inhomogeneous r e g io n s .  The decays , w h ich  l a s t  f o r  -1 0  ^s 
o r  l o n g e r ,  a re  due t o  th e  r e c o m b in a t io n  o f  t ra p p e d  c a r r i e r s .  These 
a re  t ra p p e d  a t  a s i t e  and can respond  t o  th e  m easu r ing  f i e l d .  The 
l e n g th  o f  th e  decay t im e  i s  th e n  due to  th e  t im e  ta k e n  f o r  c a r r i e r s  
t o  recom b ine  v ia  o th e r  s i t e s  w h ich  can be m o d e l le d  by c o n s id e r in g  
inhomogeneous r e g io n s  w i t h i n  th e  b a n d - t a i l s  (see  C h a p te r  5 and Long
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1 9 8 9 ) .  The d i s t r i b u t i o n  o f  s t a t e s  i n  th e  b a n d - t a i l s  may t h e r e f o r e  
n o t  be random and c l u s t e r s  o f  s t a t e s  may be c l o s e l y  o r  d i s t a n t l y  
spaced .
7.4(a) The Temperature Dependence of Ae^ in Glow Discharge Samples
The weak te m p e ra tu re  dependence o f  Ae^ i n  th e  g low  d is c h a rg e  
m a t e r i a l  can be e x p la in e d  by c o n s id e r in g  th e  v a r i a t i o n  o f  a  and t ^  
w i t h  te m p e ra tu re .  B o th  th e s e  p a ra m e te rs  a re  w e a k ly  te m p e ra tu re  
dependent im p ly in g  t h a t  r e c o m b in a t io n  p ro ce sse s  a re  a c t i v a t e d  by 
th e rm a l  e n e rg y .  As t h i s  re c o m b in a t io n  p ro c e s s  i s  co m p e t in g  w i t h  th e  
g e n e r a t io n  o f  c a r r i e r s  by o p t i c a l  e x c i t a t i o n  th e  A e^ /e^  v a lu e s ,  a t  
a c o n s ta n t  i l l u m i n a t i n g  i n t e n s i t y ,  a re  obse rved  t o  de c re a se  w i t h  
i n c r e a s in g  te m p e ra tu re .
An im p o r ta n t  p o i n t  t o  n o te  i s  t h a t  th e  e x p e r im e n ta l  e v id e n c e  
o b ta in e d  p r e d i c t s  t h a t  a ~ 0 .3  and i s  w eak ly  te m p e ra tu re  d e p en den t.
T h is  r e s u l t  d is a g re e s  w i t h  c a l c u l a t i o n s  by Movaghar e t  a l  (1 9 8 3 ,  1986) 
who p r e d ic t e d  t h a t  a  0 a t  low  te m p e ra tu re .  I t  was e x p e c te d  by 
Movaghar e t  a l  t h a t  a " f r e e z i n g "  o f  c a r r i e r s  w ou ld  o c c u r  a t  low  
te m p e ra tu re s  le a d in g  t o  a  -*■ 0 . (See T ab le  7 . 1 5 . )
E x p e r im e n ta l  work was p e r fo rm e d  by R ic h e r t  e t  a l  (1984 )  i n  o rd e r  
t o  s tu d y  th e  t im e  dependen t d i f f u s i o n  o f  e x c i t o n s  i n  amorphous 
benzophenone. The t im e  dependence o f  th e  decays were shown t o  have a 
fo rm  s i m i l a r  t o  7 .13  . The d i s p e r s io n  p a ra m e te r ,  a , w a s  shown to  be 
te m p e ra tu re  dependent and v a r i e s  from  0 .2 3  t o  0 .5 5  between 4 .2K  and 90K. 
7 . 4 ( b )  The E f f e c t  o f  I n c r e a s in g  Tem pera tu re  a t  a C o n s ta n t  L e v e l  
o f  I l l u m i n a t i o n
The r e s u l t s  p re s e n te d  i n  s e c t i o n  6 .7  show th e  r e s u l t  o f  i n c r e a s in g  
th e  te m p e ra tu re  a t  a c o n s ta n t  i l l u m i n a t i n g  i n t e n s i t y .  The shape o f  th e
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vs t  c u rv e  when th e  te m p e ra tu re  i s  in c re a s e d  w i l l  depend upon
th e  re c o m b in a t io n  r a t e  o f  th e  o p t i c a l l y  in d u c e d  c a r r i e r s .  In  a
sam p le , such as K9' th e  decay cu rv e s  o b se rv e d  a t  each te m p e ra tu re
s te p  i n d i c a t e s  a s lo w  re c o m b in a t io n .  The r a t e  a t  w h ich  th e
backg round  c a p a c i ta n c e  reaches  i t s  e q u i l i b r i u m  v a lu e  a t  a p a r t i c u l a r
te m p e ra tu re  w i l l  a ls o  c o n t r i b u t e  to  th e  shape o f  th e  c u r v e .  In  K9
th e  two c o n t r i b u t i o n s  ( t h e  o p t i c a l l y  in d u ce d  c a p a c i ta n c e  w i l l  s a tu r a te
v e ry  q u i c k l y  (~ a few seconds) a t  th e  i n t e n s i t i e s  used) a re  such t h a t
a c u rv e  i s  o b s e rv e d .
In  o th e r  sam ples a decay i s  n o t  seen ( e . g .  55, D1) a t  each
te m p e ra tu re  s te p .  T h is  i s  because th e  background  c a p a c i ta n c e  reaches
i t s  e q u i l i b r i u m  v a lu e  q u i c k l y  and i n  th e  case o f  D1, th e  r e c o m b in a t io n
r a t e s  o f  th e  c a r r i e r s  a re  f a s t e r  th a n  i n  K9' (see s e c t i o n  7 . 6 ( a ) ) .
7 . 4 ( c )  O th e r  A n a ly s is  Problems
In  s e c t io n  6 . 3  i t  was e x p la in e d  t h a t  d i f f i c u l t i e s  o c c u r re d  i n  the
e s t im a t io n  o f  th e  base c a p a c i ta n c e  v a lu e .  I f  the  base v a lu e  i s  known
t o  ± 0 . 0 2 pF, th e n  a A e . / [ A e . ]  e r r o r  i s  around 0.006?o, w h ich  i s1 1 o
i n s i g n i f i c a n t .  Above 50K, the  d i f f i c u l t y  i n  o b t a in in g  a base v a lu e  
in c r e a s e s .  By h o ld in g  a sample a t  50K f o r  -90000 seconds , th e  t ra p p e d  
c a r r i e r s  a re  t h e r m a l l y  e x c i t e d  and recom b ine  more q u i c k l y ,  le a d in g  to  
a lo w e r  v a lu e  o f  d a rk  c a p a c i ta n c e  o f  a decay than  b e fo re  i l l u m i n a t i o n  
began. T h is  e r r o r  can be as la r g e  as 0.2?o le a d in g  t o  e r r o r s  o f  -0.2% 
i n  th e  Ae^/ [ Ae-| 30  a x i s .  Such e r r o r s  can be observed  i n  th e  40K decay 
p l o t  o f  sample D1 (see  d iag ram  6  . 1 0 ) .
O the r  p rob lem s a s s o c ia te d  w i t h  f i t t i n g  th e  c u rv e s  t o  th e  d a ta  a re  
due t o  s t a r t i n g  t r a n s i e n t s .  S ince  i t  i s  p o s s ib le  t o  e s t im a te  th e  
t im e  when th e  l i g h t  i s  removed to  w i t h i n  a second an e r r o r  o ccu rs  i n
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th e  f i r s t  decade on th e  t im e  a x i s .  T h is  e r r o r  can in c r e a s e  i f  th e  
a u to m a t ic  b r id g e  does n o t  respond  f o r  a second a f t e r  th e  l i g h t  i s  
removed. A t lo n g e r  t im e s  ( g r e a t e r  th a n  te n  seconds) t h i s  e r r o r  i s  
n o t  im p o r t a n t .
7.5 Other Relevant Experiments
7 . 5 ( a )  Com parisons w i t h  LESR Measurements
S t r e e t  and B ie g e ls o n  (1982 ) p re s e n te d  r e s u l t s  show ing  th e  e f f e c t  o f
l i g h t  ( a t  a w a v e le n g th  o f  649nm and a t  e x c i t a t i o n  i n t e n s i t i e s  between 
—6 -1-1 0  mW and 10 mW) ESR m easurem ents . They d is c o v e re d  t h a t  a p l o t  o f
th e  l o g a r i t h m  o f  th e  number o f  l i g h t  in d u c e d  s p in s  a g a in s t  l o g  i n t e n s i t y
was c lo s e  t o  b e in g  l i n e a r  w i t h  a g r a d ie n t  o f  0 .2 0  a t  30K. T h is  r e s u l t
i s  com parab le  t o  th e  g r a d ie n t s  o b ta in e d  from  th e  lo g  ( A e ^ /e ^ )  vs
lo g  ( I n t e n s i t y )  p l o t s  w h ich  g e n e r a l l y  have a g r a d ie n ts  between 0 .2 2  and
0 .2 5 .  The m agn itude  o f  th e  LESR response  was around 0.05% t o  0.5% o f
th e  i n i t i a l  ESR v a lu e s  i n  th e  d a rk  a t  th e  lo w e s t  and h ig h e s t  i l l u m i n a t i n g
i n t e n s i t i e s .  Decays o f  th e  number o f  in d u ce d  s p in s  w i t h  t im e ,  a f t e r
th e  i l l u m i n a t i o n  was removed, were a ls o  measured by S t r e e t  and
3 4B ie g e ls e n .  They d is c o v e r e d  t h a t  up t o  10 o r  10 seconds e la p s e d  
b e fo r e  t h e i r  samples r e t u r n e d  t o  t h e i r  e q u i l i b r i u m  s t a t e .  A l th o u g h  
th e s e  r e s u l t s  were o b ta in e d  u s in g  p u ls e s  o f  l i g h t  ( o f  a round  1  m sec 
d u r a t i o n  a t  i n t e n s i t i e s  between 0.07mW and 30mW) the  t im e  s c a le s  
in v o lv e d  a re  com parab le  t o  th o se  seen i n  th e  lo g  (A e ^ /e ^ )  vs lo g  ( t im e )  
p l o t s  shown i n  d iag ram  7. 3.. The two e x p e r im e n ts  show s i m i l a r  shapes 
o f  decay cu rv e  w h ich  a re  l i n e a r  w i t h  lo g  ( t im e )  over much o f  th e  range 
o f  l o g  ( t i m e ) .
A l th o u g h  such s i m i l a r i t i e s  e x i s t  between LESR and o p t i c a l l y  
in d u ce d  ac lo s s  e x p e r im e n ts  t h e r e  a re  some d i f f e r e n c e s .  The f i r s t  i s
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th e  s t a t e s  w h ich  a re  r e s p o n s ib le  f o r  th e  changes under i l l u m i n a t i o n .  
ESR i s  dependent upon s t a t e s  w h ich  a re  p a ra m a g n e t ic ,  t h e r e f o r e  LESR 
measurements w i l l  r e c o rd  th e  f r a c t i o n  o f  s t a t e s  w h ich  become 
p a ra m a g n e t ic  unde r  i l l u m i n a t i o n .  Such s t a t e s  c o n s i s t  o f  n e u t r a l  
d a n g l in g  bonds and t r a p p e d  m a j o r i t y  c a r r i e r s  i n  doped sam p les .  In  
undoped samples b o th  ty p e s  o f  b a n d - t a i l  c a r r i e r s  a re  r e c o rd e d .  The 
LESR te c h n iq u e  does n o t  t h e r e f o r e  measure th e  t o t a l  number o f  s t a t e s  
w h ich  a re  o c c u p ie d  unde r i l l u m i n a t i o n .  AC lo s s  measurements re c o rd s  
t h e  s t a t e s  w h ich  can re spond  t o  a p a r t i c u l a r  m easu r ing  f r e q u e n c y .  
D a n g l in g  bond and t a i l - s t a t e s  w h ich  a re  n o t  n e c e s s a r i l y  p a ra m a g n e t ic  
and a re  o c c u p ie d ,  due t o  th e  i l l u m i n a t i o n ,  can t h e r e f o r e  be re c o rd e d .  
7 . 5 ( b )  DC P h o t o c o n d u c t i v i t y  and Low T em pera tu re  D r i f t  M o b i l i t y
Spear and C loude (19 8 8 )  i n v e s t i g a t e d  th e  low  te m p e ra tu re  d r i f t  
m o b i l i t y  i n  a - S i : H .  By s u b j e c t i n g  b a r r i e r  and j u n c t i o n  sam ples t o  
s h o r t  (~ y s e c )  p u ls e s  o f  l i g h t  i t  was p o s s ib le  t o  o b t a in  th e  d r i f t  
m o b i l i t y  o f  th e  c a r r i e r s .  T h is  was done by a p p ly in g  a v o l t a g e  p u ls e  
a t  th e  same t im e  as th e  l i g h t  and then  m easu r ing  th e  t r a n s i t  t im e  o f  
t h e  c a r r i e r s .  The m o b i l i t y  was th e n  found  from  th e  1 / t  vs V o l ta g e  
p l o t s .
The r e s u l t s  o b ta in e d  a re  i n t e r p r e t e d  i n  te rm s  o f  e x c i t e d  c a r r i e r s  
t h e r m a l i s i n g  r a p i d l y  i n t o  a band i n  th e  lo w e r  r e g io n s  o f  th e  t a i l  
s t a t e s .  E le c t r o n  t r a n s p o r t  ta k e s  p la c e  i n  t h i s  r e g io n  and i s  
d e te c te d  by th e  enhanced m o b i l i t y  o f  th e  c a r r i e r s .
The e x p e r im e n t  showed t h a t  t h e r m a l i z a t i o n  th ro u g h  th e  uppe r t a i l  
s t a t e s  was e x t r e m e ly  r a p id  and o c c u r re d  to o  f a s t  f o r  d e t e c t i o n .  
T h e r m a l is a t io n  s lo w s  down as th e  e le c t r o n s  p ro g re s s  th ro u g h  th e  t a i l  
s t a t e s  as e x p e c te d  s in c e  th e  s e p a r a t io n  o f  s t a t e s  i s  i n c r e a s in g .
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I n f o r m a t io n  r e g a r d in g  th e  shape o f  th e  b a n d - t a i l  i s  a ls o  o b ta in e d  
from  th e  r e s u l t s .  C a l c u la t i o n s  by Speare and Cloude i n v o l v i n g  
d i f f e r e n t  t a i l  s t a t e  d i s t r i b u t i o n s  and th e  t im e  taken  f o r  t h e r m a l i s a t i o n  
down to  a round  0 . 1 1eV t o  0.13eV be low  show t h a t  a p u r e ly
e x p o n e n t ia l  band t a i l  ca n n o t  a c co u n t  f o r  th e  r e s u l t s  o b ta in e d ,  i . e .  
th e  r a p id  i n i t i a l  t h e r m a l i s a t i o n  f o l lo w e d  by a s lo w in g  down o f  th e  
r a t e .  D i s t r i b u t i o n  i n v o l v i n g  an i n i t i a l  s h a l lo w  d i s t r i b u t i o n  o f  s t a t e s  
o f  ~0.12eV i n  w id th  f o l lo w e d  by a more r a p id  decrease ( c lo s e  to  
e x p o n e n t ia l )  a c c o u n t  f o r  th e  e x p e r im e n ta l  r e s u l t s  more s a t i s f a c t o r i l y .
These e x p e r im e n ts  show t h a t  th e  d r i f t  c u r r e n t  i s  passed i n  
s t a t e s  above th e  e x p o n e n t ia l  band t a i l  a t  low  te m p e ra tu re s .  The ac 
l o s s  measurements r e f e r  t o  p rocesses  o c c u r r i n g  be low t h i s  r e g io n .  The 
d r i f t  m o b i l i t y  e x p e r im e n ts  su g g e s t t h a t  th e  dc p h o to c u r r e n t  w i l l  be 
c a r r i e d  th ro u g h  s t a t e s  near th e  v a le n c e  band a t  low  te m p e ra tu re ,
b u t  w i l l  be i r r e l e v a n t  t o  th e  ac lo s s  because t h i s  o c c u rs  i n  d i f f e r e n t  
s t a t e s .
7 . 3 ( c )  T r a n s ie n t  P h o to c o n d u c t i v i t y
T h is  work i n v o l v e s  e x p o s in g  amorphous f i l m s  to  a s h o r t  p u ls e  o f  
l i g h t  and th e n  m o n i t o r in g  th e  decay o f  th e  p h o to c u r r e n t .
A n a ly s is  o f  th e s e  t r a n s i e n t  p h o t o c o n d u c t i v i t y  e x p e r im e n ts  was 
p e r fo rm e d  by Monroe (1983 , 1987 and 1988) who used h o pp in g  a rgum en ts ,  
and shows t h a t  th e  decays a re  c lo s e  t o  b e in g  l i n e a r  on a lo g  
( p h o to c u r r e n t )  vs l o g  ( t im e )  g ra p h s .  A mechanism where c a r r i e r s  "hop 
up" o r  "hop down" i n  ene rgy  was s u g g e s te d .  The hopp ing  down mechanism 
i s  e xp e c te d  t o  dom in a te  a t  low  te m p e ra tu re s  and the  hopp ing  up o f  
c a r r i e r s  from  deepe r s t a t e s  t o  s h a l lo w e r  band t a i l  s t a t e s  b e fo re  h o pp in g  
t o  lo w e r  e n e rg ie s  i s  th e  p ro ce ss  e x p e c te d  t o  be dom inant a t  h ig h  
te m p e ra tu re s  ( i . e .  above - 1 0 0 K ).
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A h o p p in g  up mechanism i s  u n l i k e l y  t o  be re s p o n s ib le  f o r  
r e c o m b in a t io n  i n  th e  o p t i c a l l y  in d u c e d  ac lo s s  decays s in c e  
i n s u f f i c i e n t  th e r m a l  e n e rg y  i s  a v a i l a b l e  a t  low  te m p e ra tu re s .  Such a 
mechanism w ou ld  im p ly  t h a t  as more th e r m a l  energy  becomes a v a i l a b l e  
th e  decays w i l l  be much more r a p i d .  The v a lu e s  o f  a o b ta in e d  f o r  th e  
decays a re  w e a k ly  te m p e ra tu re  dependen t and do n o t  s u p p o r t  t h i s  id e a .
The model d is c u s s e d  i n  s e c t i o n  7 . 3 ( e )  i n v o l v i n g  b im o le c u la r  r e c o m b in a t io n  
i s  more l i k e l y  i . e .  as r e c o m b in a t io n  e v e n ts  ta k e  p la c e ,  th e  re m a in in g  
s t a t e s  w i l l  be f u r t h e r  a p a r t  le a d in g  t o  lo n g e r  re c o m b in a t io n  t im e s .
7.6(a) D Sample
When th e  i l l u m i n a t i o n  was removed from  th e  D samples (D1 and D2) 
an i n i t i a l  d ro p  i s  seen i n  th e  ( A e ^ /e ^ )  vs lo g  ( t im e )  p l o t s .  T h is  
d ro p  i s  due t o  a f a s t  r e c o m b in a t io n  mechanism i n v o l v i n g  c l o s e l y  spaced 
l i g h t  in d u c e d  e le c t r o n s  and h o le s .  A f t e r  th e  i n i t i a l  r a p id  re c o m b in a t io n  
( a f t e r  - 1 0  seconds) has ta k e n  p la c e ,  th e  re m a in in g  o p t i c a l l y  induced  
e l e c t r o n - h o le  p a i r s  w i l l  be more d i s t a n t l y  spaced, th u s  le a d in g  t o  a 
s lo w e r  re c o m b in a t io n  r a t e .  F i t t i n g  c u r v e s ,  u s in g  e q u a t io n  7.13 g iv e s  
re a s o n a b ly  good r e s u l t s  f o r  th e  decay a f t e r  -10  seconds. A n o th e r  
c o n t r i b u t i n g  mechanism must be in t r o d u c e d  t o  accoun t f o r  th e  i n i t i a l  
d ro p  i n  A e^ /e^  w i t h  lo g  ( t i m e ) .  Such a mechanism c o u ld  i n v o lv e  the  
r a p id  decay o f  c a r r i e r s  i n  th e  r e g io n  o f  s t a t e s  a t  th e  to p  o f  th e  band- 
t a i l s  ( c . f .  S pea r,  see s e c t io n  7 . 5 ( b ) ) .
7 . 6 ( b )  M e t a l l i c  D i f f u s i o n  i n  a - 5 i  and a - 5 i : H  Samples
The d a rk  c h a r a c t e r i s t i c s  i n  a - S i : H ,  p re p a re d  by th e  g low  d is c h a rg e  
d e c o m p o s i t io n  o f  s i l a n e  were s t u d ie d  by Shimakawa e t  a l  ( 1 9 8 7 ) .  The 
ac c o n d u c t i v i t y  i n  samples w i t h  Au to p  e le c t r o d e s  have an ac conduc tance  
w h ich  i s  up t o  an o r d e r  o f  m agn itude  g r e a t e r  than  t h a t  i n  samples w i t h
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A1 to p  e le c t r o d e s  a t  te m p e ra tu re s  between ~20K and 200K. The
te m p e ra tu re  dependence o f  th e  d a rk  c o n d u c t i v i t y  shows t h a t  G a Tac
where T ranges  from  1 2 . 5K t o  -150K (see  graph 5 .1 1 ) .  A mechanism
d e s c r ib e d  by A u s t in  and M o t t  (1969 ) i n v o lv e s  u n c o r r e la t e d  h o pp in g
between c e n t r e s  and p r e d i c t s  t h a t  G a T. Hopping o f  c a r r i e r sa c
between d i f f u s e d  m e t a l l i c  i m p u r i t i e s  i n  th e  a - S i :H  f i l m  a cco u n ts  
f o r  th e  te m p e ra tu re  dependence o f  th e  d a rk  ac lo s s  i n  th e s e  f i l m s .
Under i l l u m i n a t i o n ,  a t  low  t e m p e r a t u r e s ^ d e t e c t a b le  response  
was found  i n  th e  sam ples w i t h  Au to p  e le c t r o d e s .  The d i f f u s e d  Au 
atoms may be a c t i n g  e i t h e r  as r e c o m b in a t io n  c e n t r e s  o r  c o u ld  be 
f a c i l i t a t i n g  ho p p in g  t o  o t h e r  r e c o m b in a t io n  c e n t re s  th u s  a c c o u n t in g  
f o r  th e  absence o f  an o p t i c a l l y  in d u c e d  e f f e c t .
In  s p u t t e r e d  m a t e r i a l  ( e . g .  sample MA4) an o p t i c a l l y  in d u c e d  
s i g n a l  i s  obse rved  even when Au to p  e le c t r o d e s  a re  used . S ince  th e  
lo s s  i s  a t t r i b u t e d  t o  c a r r i e r s  t ra p p e d  i n  d e fe c t  s t a t e s  and s in c e  
t h i s  i s  g r e a te r  i n  s p u t t e r e d  m a t e r i a l  (by  ~ 2  o r  3 o rders  o f  m agn itude )  
r e c o m b in a t io n  due t o  d i f f u s e d  m e ta l  atoms i s  l i k e l y  t o  be i n s i g n i f i c a n t  
when compared w i t h  g low  d is c h a r g e  a - S i : H .
7 . 6 ( c )  As^Se^ Sample
T h is  m a t e r i a l  showed no o p t i c a l  response  as d e s c r ib e d  i n  s e c t io n  
6 . 5 ( a ) .  T h is  c o u ld  be due t o  m e t a l l i c  d i f f u s i o n  s in c e  Au to p  and 
b o t to m  e le c t r o d e s  were used on th e  sam p le . The obse rved  d a rk  lo s s  
was v e ry  much g r e a t e r  th a n  i n  b u lk  g la s s e s  ( E l l i o t t  1987) and
resem b led  th e  d a rk  lo s s e s  fo u n d  i n  th e  a - S i :H  sam ples w i t h  d i f f u s e d  




D ,D ° ,D + a re  th e  cha rge  s t a t e s  i n  w h ich  d a n g l in g  bonds can e x i s t .
E re p re s e n ts  th e  e ne rgy  r e q u i r e d  t o  c r e a te  an e le c t o n  h o le  p a i r .
A f t e r  t h e r m a l i z a t i o n  ( t  and t  ) th e  c a r r i e r  can be t ra p p e d  o r
g n
r e - e m i t t e d  ( 1 A , 1 B ) .  R ecom b ina t io n  can a ls o  ta k e  p la c e  v ia  d e fe c t  
s t a t e s  ( 2 , 3 ) .  R a d ia t i v e  (hw) and o th e r  non r a d i a t i v e  t r a n s i t i o n s  
( 2 ' , 3 ' )  a ls o  a c c o u n t  f o r  re c o m b in a t io n  s te p s
Diagram 7.1
The g e n e ra l  mechanism used to  e x p la in  th e  o p t i c a l  response  
and re c o m b in a t io n  (D e rsch  e t  a l  1983 ) .  See t e x t  f o r  d e t a i l s .
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Sample S2 S5 K 9 1 K11
n 0 .0 8 9 6 .0 7  x 1 0 "3 8 .4  x 1 0 ' 3 6 .0 7  x 1 0 "3
T(K) 1 2 .5 20 12 .5 12 .5
D1
0 .0 3 4
12 .3
T a b le  i l l u s t r a t i n g  th e  e f f i c i e n c y  o f  th e  t r a p p in g  o f  c a r r i e r s  
p e r  p h o to n  o f  i n c i d e n t  l i g h t .
D iagram  7 .1 5
Sam ple . K11 i K12
J u n c t io n . 640 640 660 660 640
T 12 .5  K 20 30 40 50 4 .2
a 0 .3 2 2 0 .3 4 9 0. 361 0 .422 0 .418 0258
t 'o 5219s 3330 2323 931 .4 20 9 .8 4 .6 8
Sam ple . D1 D2
J u n c t io n 600 700 600
T 12.5K 20 40 50 4. 2
a 0 .3 7 2 0 .3 1 9 0 .4 2 0 0 .412
?
t '0 4 6 0 .0 s 583.1 365 .6 4 3 .6
Sample. S5 K9'
J u n c t io n ,
T 1 2 .5K 40 12 .5
a 0 .2 8 0 .3 8 0 .268
t '0 73 5 .6 s 8009
T a b le s  show ing  th e  v a lu e s  o f  a and t^  a t  d i f f e r e n t  
te m p e ra tu re s  f o r  a v a r i e t y  o f  sam ples .
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CHAPTER 8
Summary and C o n c lu s io n s
The aim o f  t h i s  t h e s i s  was t o  p re s e n t  th e  d a ta ,  r e s u l t s  and 
a n a l y s i s  o f  a v a r i e t y  o f  e x p e r im e n ts  i n  w h ich  th e  p r o p e r t i e s  o f  
amorphous m a t e r i a l s  were s t u d ie d .  These p r o p e r t i e s  in c lu d e d  the  
ac and dc c o n d u c t i v i t y  and c a p a c i ta n c e  s t u d ie d  i n  the  d a rk  and under 
i l l u m i n a t i o n ,  g e n e r a l l y  a t  low  te m p e ra tu re s .  The r e s u l t s  o f  these  
e x p e r im e n ts  were th e n  compared w i t h  p r e v io u s  re s e a rc h  on a-Ge, a - S i  
and a - S i :H  p re p a re d  by RF s p u t t e r i n g .
The d a rk  c h a r a c t e r i s t i c s ,  i . e .  conduc ta nce  and c a p a c i ta n c e  changes 
w i t h  te m p e ra tu re ,  found  i n  g low  d is c h a rg e  a - S i :H  a re  p re s e n te d  i n  
C h a p te r  5. A v a r i e t y  o f  m ode ls , i n v o l v i n g  ac and dc t r a n s p o r t
mechanisms, and w h ich  a re  d is c u s s e d  i n  C hap te r  2, a re  th e n  a p p l ie d  t o
th e  d a ta .  The low  te m p e ra tu re  c o n d u c t i v i t y  i s  a t t r i b u t e d  to  e le c t r o n s  
w i t h i n  deep s t a t e s  re s p o n d in g  to  th e  a p p l ie d  m easur ing  f i e l d .  A t 
h ig h e r  te m p e ra tu re s  ( i . e .  above -100K) th e  d a rk  lo s s  i s  due to  
t r a n s i t i o n s  between s t a t e s .  A model u s in g  an e f f e c t i v e  medium method 
was d eve lop ed  by Long (1989 ) and s u c c e s s f u l l y  used to  accoun t f o r  th e  
h ig h  te m p e ra tu re  ac c o n d u c t i v i t y  i n  undoped g low  d is c h a rg e  a -S i :H .
The m a jo r  p a r t  o f  t h i s  t h e s i s  i s  conce rned  w i t h  th e  o p t i c a l l y  
in d u c e d  ac lo s s  i n  amorphous m a t e r i a l s .  P re v io u s  e x p e r im e n ts  on 
s p u t t e r e d  s i l i c o n  samples showed an in c re a s e  i n  .the c a p a c i ta n c e  and 
conduc ta nce  o f  th e s e  m a t e r i a l s  when th e y  a re  i l l u m in a t e d  (Long and 
H o l la n d  198 5 ) .  The l i g h t  in d u ce d  ac lo s s  i n  g low  d is c h a rg e  a -S i :H  was
s tu d ie d  and th e  change i n  d i e l e c t r i c  c o n s ta n t  was found to  obey a
power law  a t  h ig h  i l l u m i n a t i n g  i n t e n s i t i e s  i . e .
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Ae1 a I A ( 8 . 1 )
where A ~ 0 .2
_2
A t lo w e r  i l l u m i n a t i o n  ( l e s s  th a n  O.lyWcm ) i n t e n s i t i e s  an 
i n t e g r a t i n g  response  i s  ob se rve d  i n  w h ich  e q u i l i b r i u m  c o n d i t i o n s  
may s t i l l  n o t  be a ch ie ve d  a f t e r  many h o u rs .  T h is  re g io n  merges 
i n t o  th e  h ig h  i n t e n s i t y  reg im e  where s a t u r a t i o n  o f  th e  response 
o c c u rs  w i t h i n  m in u te s .
The f re q u e n c y  and te m p e ra tu re  dependence o f  th e  l i g h t  ind u ce d  
changes i n  t h e  d i e l e c t r i c  c o n s ta n t  and conduc ta nce  were s tu d ie d  and 
i t  was found  t h a t  th e  m a jo r  t r a p p in g  and re c o m b in a t io n  mechanisms 
i n v o l v e d  d i f f e r e n t  s t a t e s  from  th o s e  i n  s p u t t e r e d  sam ples. In  
s p u t t e r e d  m a t e r i a l  a h ig h  d e n s i t y  o f  d e fe c t  s t a t e s  e x i s t s  w i t h i n  th e  
band gap and th e s e  s t a t e s  a re  r e s p o n s ib le  f o r  t r a p p in g  c a r r i e r s  wh ich  
re spond  t o  th e  m easur ing  f i e l d  and hence c o n t r i b u t e  to  th e  o p t i c a l l y  
in d u c e d  ac l o s s .  E v idence  was fo u n d ,  from  th e  fre q u e n cy  dependence 
o f  th e  ac c o n d u c t i v i t y  and d i e l e c t r i c  c o n s ta n t  a t  d i f f e r e n t  l e v e l s  o f  
i l l u m i n a t i o n  (see  C hap te r  6 f o r  f u r t h e r  d e t a i l s ) ,  t o  a t t r i b u t e  th e  
in d u c e d  lo s s  t o  t r a p p in g  i n  b a n d - t a i l  s t a t e s .
Removing th e  l i g h t  caused th e  in d u c e d  response to  decay tow ards  
th e  d a rk  v a lu e s .  The decay r a t e  was found  t o  be te m p e ra tu re  dependen t. 
F o r  exam p le , a t  12.5K th e  decays w ou ld  l a s t  many days and th e  da rk  
v a lu e  c o u ld  s t i l l  n o t  be re a ch e d .  A t 30K th e  samples re tu rn e d  t o  t h e i r  
i n i t i a l  d a rk  s t a t e  a f t e r  s h o r t e r  t im e s  above a few h o u rs .  T h is  
te m p e ra tu re  e f f e c t  was a t t r i b u t e d  t o  th e  e x c i t a t i o n  o f  t ra p p e d  band- 
t a i l  c a r r i e r s .  A t h ig h e r  te m p e ra tu re s  some o f  these  t ra p p e d  c a r r i e r s  
c o u ld  be e x c i t e d  and c o u ld  th e n  recom b ine  w i t h  excess h o le s .
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At lo w e r  te m p e ra tu re s  le s s  th e rm a l  e n e rg y  i s  a v a i l a b le  and such a 
p ro c e s s  w i l l  ta k e  p la c e  more s lo w ly  by t u n n e l l i n g .
A model i n v o l v i n g  th e  d i f f u s i o n  o f  t ra p p e d  c a r r i e r s  was used t o  
d e s c r ib e  th e  decays . F i t t i n g  t h i s  model t o  th e  decays showed t h a t
n f t  ) OL1
——  — 1 +n to o J
(where  a  and t ^  a re  weak f u n c t i o n s  o f  te m p e ra tu re /  was a re a s o n a b le  
f i t  o v e r  s e v e r a l  o rd e rs  o f  m a g n itu d e .
The r e s u l t s  o f  th e  o p t i c a l l y  in d u c e d  ac lo s s  e x p e r im e n ts  were 
th e n  compared w i t h  th e  r e s u l t  o f  o t h e r  e x p e r im e n ts  i n v o l v i n g  th e  
e f f e c t  o f  l i g h t  on amorphous m a t e r i a l s .  These e x p e r im e n ts  a re  
d is c u s s e d  i n  C hap te r  3 and in v o lv e  LESR measurements, t r a n s i e n t  
p h o t o c o n d u c t i v i t y ,  lum inescence  d r i f t  m o b i l i t y ,  the  S ta e b le r  W ronsk i 
e f f e c t  and dc p h o t o c o n d u c t i v i t y .  The mechanism r e s p o n s ib le  f o r  th e  
S t a e b le r  W ronsk i e f f e c t  in v o lv e d  p h o t o s t r u c t u r a l  changes r a t h e r  th a n  
e l e c t r o n i c  e x c i t a t i o n  and th e  subsequ en t t r a p p in g  o f  c a r r i e r s  and i s  
t h e r e f o r e  o f  le s s  re le v a n c e  th a n  th e  o th e r  e x p e r im e n ts .  The LESR 
e x p e r im e n ts  show many s i m i l a r i t i e s  t o  th e  l i g h t  induced  ac le s s  
e x p e r im e n ts .  Bo th  show c l o s e l y  l i n e a r  lo g  ( in d u ce d  response )  vs 
lo g  ( I n t e n s i t y )  p l o t s  w i t h  g r a d ie n t s  o f  a round 0 .2 .  Long decays to  
th e  d a rk  s t a t e s  a re  a ls o  o b se rve d .  S in c e  th e  LESR te c h n iq u e  o n ly  
d e t e c t s  p a ra m a g n e t ic  s t a t e s  and th e  l i g h t  induced  ac lo s s  te c h n iq u e  
o n ly  d e te c t s  c a r r i e r s  w h ich  respond  t o  an ac f i e l d  th e  p o p u la t io n s  o f  
s t a t e s  w h ich  a re  b e in g  measured w i l l  d i f f e r .
An im p o r ta n t  p o in t  i n  t h i s  work concerned  the  e le c t r o d e  m a t e r i a l  
used i n  c o n ju n c t io n  w i t h  th e  a - S i :H  sam p les . I t  was found t h a t
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m a t e r i a l s  such as An o r  Cr d i f f u s e d  i n t o  th e  a - S i :H  and were 
r e s p o n s ib le  f o r  an enhanced da rk  lo s s  and a reduced  o p t i c a l  response . 
T h is  was e x p la in e d ,  i n  C hap te r  7, by c o n s id e r in g  t h a t  th e  d i f f u s e d  
m e ta l  atoms a c te d  as re c o m b in a t io n  c e n t r e s  o r  a s s i s t e d  r e c o m b in a t io n .
No p rob lem s  were obse rved  w i t h  Au c o n ta c t s  o r  s p u t t e r e d  a - S i  because 
t h e  d a rk  lo s s  i s  h ig h e r  t o  b e g in  w i t h  th a n  i n  g low  d is c h a rg e  a - S i :H  
and any e f f e c t  o f  th e  m e t a l l i c  i m p u r i t i e s  i s  n o t  l a r g e  enough to  
c o n t r i b u t e  t o  th e  measured ac lo s s .
The p o s s i b i l i t y  o f  u s in g  e i t h e r  s p u t t e r e d  a - S i  o r  g low  d is c h a rg e  
a - S i :H  as an o p t i c a l  d e t e c t o r  was a ls o  c o n s id e r e d .  An i d e a l  d e te c to r  
s h o u ld  use a m a t e r i a l  w h ich  has a la r g e  (~ a few p e r c e n t )  and f a s t  
response  t o  i l l u m i n a t i o n .  I t  must a ls o  be p o s s ib le  t o  c l e a r  th e  
response  e a s i l y  and q u i c k l y .  The g low d is c h a rg e  a - S i :H  was found t o  
have a re a s o n a b le  m agn itude  o f  response w h ich  c o u ld  be c le a r e d  by 
r a i s i n g  th e  te m p e ra tu re ,  t o  above 30K, b u t  a t  low  h ig h  i n t e n s i t i e s  
s a t u r a t i o n  v a lu e s  were o f t e n  no t reached f o r  s e v e r a l  h o u rs .  T h is  
l i m i t s  th e  u s e fu ln e s s  o f  t h i s  m a t e r ia l  f o r  o p t i c a l  d e t e c t i o n .
M a x im is in g  th e  s e n s i t i v i t y  and o p t im is in g  th e  e le c t r o d e  a reas  and 
c o n f i g u r a t i o n s  and sample th ic k n e s s e s  and com par ing  d i f f e r e n t  m a te r ia l s  
i n  d e t a i l  c o u ld  be th e  s u b je c t  o f  f u r t h e r  r e s e a rc h .
F u tu re  work i n  t h i s  a rea  c o u ld  a ls o  in v o l v e  p ro m o t in g  re c o m b in a t io n  
by u s in g  sub-bandgap r a d i a t i o n  ( i n  th e  manner o f  C a r iu s  and Fuhs 1983. 
Here re c o m b in a t io n  was a c c e le r a te d ,  i n  LESR e x p e r im e n ts ,  by a p p ly in g  
I R - r a d i a t i o n  t o  a - S i :H .  Trapped c a r r i e r s  were e x c i t e d  and s u b s e q u e n t ly  
recom b ined . T h is  le d  t o  s h o r t e r  decays t o  th e  da rk  s t a t e ) .
O th e r  e x p e r im e n ts  i n v o l v i n g  doped sam p les ,  c o n t a in in g  d i f f e r e n t  
c o n c e n t r a t io n s  o f  i m p u r i t i e s  c o u ld  a ls o  be c a r r i e d  o u t .  F u r th e r  work
on th e  decays t o  e q u i l i b r i u m  a re  a ls o  p o s s ib le .  T h is  w ou ld  in v o lv e  
i l l u m i n a t i n g  samples a t  a f i x e d  i n t e n s i t y  and th e n  rem ov ing  th e  l i g h t .  
D i f f e r e n t  l e v e l s  o f  i l l u m i n a t i o n  w ou ld  be used and th e  decays compared. 
Such an e x p e r im e n t  c o u ld  p r o v id e  in f o r m a t i o n  i n t o  th e  re c o m b in a t io n  
mechanisms i n v o l v e d .  By p ro d u c in g  v a r y in g  numbers o f  excess  c a r r i e r s  
i t  s h o u ld  be p o s s ib le  t o  d e te rm in e  w h e th e r  c l o s e l y  spaced a  d i s t a n t  p a i  
a re  in v o l v e d .
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